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1 Introduction 
1.1 Motivation 
The influence of the invention of the transistor and the following miniaturisation of electronic 
apparatus, has had a drastic effect on the way we live and see the future. This miniaturisation is 
based on the electronic properties of semiconducting material. The electronic properties of a 
semiconductor can be changed by varying the type and amount of doping. These changes can be 
made on a small part of the semiconducting surface, and thus is it possible to build tiny 
electronic devices. Because the changes can be made locally it is possible to put a large number 
of these devices together on one piece of semiconducting material. Such a group of devices (up 
to 107 per group) is known as an Integrated Circuit (1С). 
It is clear that without a good understanding of the bulk and surface properties of the materials 
used, 1С technology could never have reached the degree of sophistication it has at present. 
Each single device on an 1С has at least one interface between two materials. These interfaces 
mark the boundary between two often very different materials. The actual interface can consist 
of the reaction product of the two materials involved. Depending on the interdiffusion of the 
materials involved this chemical reaction can continue or stop when a maximum thickness is 
reached. In modem 1С technology both the understanding of the interface as well as the 
miniaturisation play a major role. 
The limits of the miniaturisation have not been reached today; a new target is to build devices 
the size of atoms. A problem with the shrinking of the devices is the fabrication. Today a large 
effort is put into the use of Scanning Tunneling Microscopes for building the devices that make 
up an 1С. The smaller the device the larger its surface to volume ratio will be. In general there is 
a difference between the physical properties on the surface and in the bulk of the materials used. 
One of the important interfaces is the metal semiconductor interface which has been studied for 
the last 120 years. After the second world war a major expansion in the scientific interest in this 
field has taken place. As a result thousands of publications on this subject have appeared in the 
last 40 to 50 years. However, the mechanisms that determine the physical properties of the 
metal semiconductor contact are still not fully understood. 
In order to study metal semiconductor contacts from a fundamental point of view it is in general 
necessary to study model systems. In a model system the interface between the metal and the 
13 
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semiconductor is sharp and the materials involved do not form a new compound. It is not 
always evident from the known physical and chemical properties of the materials used if a model 
interface will be formed. In this thesis two metals (Mg and Pb) on one semiconductor (Si) have 
been studied. Mg was chosen because it has some interesting physical properties: 
1. the alkaline earth metals on Si have not been the subject of many studies in the past, 
although their electron configuration is such that new insight in the mechanisms of 
Schottky barrier formation might be found. 
2. Mg has a nearly free electron gas, so if it is possible to grow one perfect monolayer 
of Mg on Si, the metal overlayer would behave like a two dimensional electron gas. 
3. Weijs [ 1 ] showed that the Ba/Si( 100) interface is chemically non reactive. 
The Pb/Si(100) system was studied because : 
1. Pb does not react with Si at RT 
2. Pb forms several different surface superstructures on Si( 100) at RT 
3. Two of these structures are small enough for well converged ab initio calculations. 
In recent years several groups showed that the final Schottky Barrier (SB) height depends on 
the actual atomic structure of the interface [2,3,4]. In 1992 Matthai et al. [5] proposed a model 
for the observed differences in SB for the different interface structures. He suggested that there 
is a relation between the distance separating the last Si layer and the first layer of metal atoms. 
In this thesis the Pb/Si(100) interface is used to verify this hypothesis. 
To study these properties a combination of experimental techniques is necessary. For a 
determination of the electronic properties of the interface X-ray Photoemission Spectroscopy 
was used, and for the determination of the interface structure Scanning Tunneling Microscopy 
experiments were performed. Both techniques are not able to study the buried interface, 
therefore the interface was studied during the formation. This is done by growing a series of 
ultra thin films, between 0 and 100 Â. This was done at the University of Nijmegen, the 
University of Wales College of Cardiff, and at the Synchrotron Radiation Source in Daresbury. 
Data analysis of both techniques benefit from the speed of modern computers. To get a better 
insight in the mechanisms that determine the Schottky barrier height for these metal 
semiconductor interfaces ab initio calculations were performed in close collaboration with M. 
Heinemann. 
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1.2 Outline 
This thesis is made up of three main sections, consisting of: 
1. chapters 2-3, which present the background information necessary for a sufficient 
understanding of the experimental data 
2. chapters 4-6, which present the results of the study of the Mg/Si(100) interface 
3. chapters 7-9, which present the results of the study of the Pb/Si( 100) interface. 
Chapter 2 starts with the introduction of a surface and growth. This is followed by a description 
of the models that have been proposed in the literature for the Schottky Barrier. It ends with the 
formalism used for the ab initio calculations. Chapter 3 deals with the theoretical background of 
some of the used experimental techniques. 
For the Mg/Si(100) interface first the results of the XPS study into the formation of the 
interface are presented in chapter 4. It is shown that the early stages of Mg growth are complex 
and that suicide is formed. In the literature there was a controversy on the nature of the 
chemical bond between the Mg and Si in this silicide. The results of an XPS study into the true 
nature of the bond are given in chapter 5. In order to get a better insight in the changes during 
the early stages of growth of Mg on Si(100) at an atomic scale a STM study has been 
performed. In chapter 6 the results of this study are presented. 
In chapter 7 the structure of the Pb overlayers on Si(100) are determined using both STM 
images and the results of ab initio calculations. The pinning position of the Fermi level of 
different Pb surface superstructures on Si(100) have also been determined with XPS and are 
reported in chapter 8. Finally the results of chapters 7 and 8 are combined with experimental 
results of other metal semiconductor contacts to test the hypothesis of Matthai et al. [5]. 
lé. 
1.3 References 
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2 Background Information 
2.1 Introduction 
In the first part of this chapter a description of what is meant by a surface and epitaxial growth 
will be given. This is followed by an overview of the history of Schottky Barrier (SB) models 
from the first observation of rectifying behaviour in metal semiconductor contacts by Braun [1] 
in 1874 up to the modern theories. Finally the theoretical background for the calculations 
presented in this thesis will be discussed. 
2.2 Surfaces 
In solid state physics the understanding of most of the properties of solids is based on the 
assumption the crystal has a perfect periodicity in all three dimensions and is infinitely large. 
This last assumption is in practice not valid, in reality most solids have a finite size. The 
termination of the infinite periodicity results in what is known as a surface. This termination can 
only be achieved by breaking all the chemical bonds between the atoms of two parallel planes, 
resulting in a lot of broken bonds. These bonds are known as dangling bonds because they 
appear to dangle perpendicular to the formed surface. This large density of dangling bonds 
forms an energetically unfavourable situation, so most surfaces will undergo a geometric 
rearrangement of the surface atoms. The geometric rearrangement can occur in one of two 
ways: 
i) movement of the atoms only in the direction perpendicular to the surface plane, thus 
preserving the bulk periodicity, this is called surface relaxation. 
ii) movement of the atoms in all directions, this is called surface reconstruction. The 
resulting two dimensional arrangement can be described relative to the original 
crystal unit cell in the surface plane. Thus a (nxm) reconstruction refers to surface 
reconstruction with a two dimensional unit cell that is η times the crystal unit cell in 
one high symmetry direction and m times it in the other (e.g. Si (100)-(2xl) or 
Ge(lll)-c(2x8)). 
Which of the two possibilities for energy minimization will occur is strongly dependent on the 
nature of the chemical bond in the solid. In highly ionic solids the energy will by minimised by 
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surface relaxation while in strongly covalent systems surface reconstruction will take place. 
Besides the structural changes there is also a change in the electronic structure at the surface 
due to the change in the geometric arrangement of the atoms and to the breaking of the 
periodicity of the potential. These changes can lead to new states that are located in the surface 
region, and are known as surface states. In semiconducting materials (insulators) the energy of 
these states can lies the energy region of the bulk band gap, resulting in a different electronic 
structure on the surface than in the bulk. A good example of this change in electronic structure 
is the Si(l 11) 7x7 surface reconstruction. Here the surface is metallic while the bulk remains a 
semiconductor[2,3]. 
A surface can also be described as an interface between a solid and vacuum. If, however the 
vacuum is replaced with another solid the electronic and structural properties changes once 
again. The original surface states or intrinsic surface states can now be replaced with different 
states that are highly localized at the interface. 
2.2.1 Growth 
The study of the early stages of growth of metals on semiconductor interfaces is interesting for 
Time 
figure 2.1 schematic representation of the three different growth modes, a) Frank-
Van der Merwe, b) Strasky-Krastanov and c) Volmer-Weber 
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both the industry and fundamental research. In modern science we split the growth behaviour of 
materials on surfaces in three separate modes (see figure 2.1.): 
i) perfect layer by layer growth, so called epitaxial growth or Frank-Van der 
Merwe (FV), 
ii) first epitaxial growth folowed by the formation of three dimensional islands, so 
called Strasky-Krastanov (SK) 
iii) three dimensional island growth or Volmer-Weber growth (VW), 
For detennining the growth mode nowadays several experimental techniques are employed. One 
of the most widely used is Reflective High Energy Electron Diffraction, in which the intensity of 
one of the spots is measured during the growth of the crystal. Depending on the growth mode 
the spot intensity will change as a function of layer thickness, i.e. for FV growth the intensity 
oscillates with a period of one layer (see figure 2.2, bottom panel), for SK the intensity only 
oscillates one or two periods and then nearly stays constant (see figure 2.2, top panel) and for 
VW the intensity does not show oscillations at all. The oscillations can be explained with a 
simple model: effective maximums correspond to scattering from an atomically smooth surface 
(at no coverage, 1 layer etc.) and reflective minima correspond to reflection from maximal 
Cu exposure in ML 
1 2 3 4 
I . 
I 
™ \ 
Mo 
Cu 
- / 
ι ι ι > - : 
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* > · — 
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figure 2.2 Typical RHEED patterns 
for FM growth (bottom panel, NiO on 
MgO(lOO) [4]) and SK growth (top 
panel. Pb on Si(100) [5]) 
Deposition time (s) 
figure 2.3 Time dependence of Mo 
and Си Auger intensities as Си 
grows epitaxialy on Mo(100)[6] 
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disordered surface (at 0.5 layer, 1.5 layer etc.). 
It is also possible to determine the growth mode from the peak intensities in Auger or XPS 
spectra In that case the same core level is measured for different film thicknesses and the peak 
intensity is plotted as a function of the total thickness (see figure 2.3). Notice the kink in the 
curves. These kinks will occur when the surface of the substrate is covered with one layer of 
new material. These kinks can only be observed in FM growth. 
A big disadvantage of the above strategies to determine the growth mode is that they average 
over a relatively large part of the surface area. With the introduction of the Scanning Tunnelling 
Microscope the detailed study of the initial stages of growth on an atomic scale became 
possible. 
2.3 Metal Semiconductor Contacts (MSC) 
The rectifying properties of Metal Semiconductor Contacts (MSC) were first noticed and 
reported by Braunfl] in 1874. He made contacts between metals and metal-sulphides. In his 
1.0 
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figure 2.4 Schottky barrier heights for several metals on Si(lll) 2x1 versus the 
metal work function. The data were obtained by different researchers. For 
comparison the predictions for the Schottky Mott model (no interface states) and 
the Bardeen model (high density of interface states) are given [7] 
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report we find the following remark: 'daß der Widerstand derselben verschieden war mit 
Richtung, Intensität und Dauer der Ströme. Die Unterschiede betrugen bis zu 30 pCt. des 
ganzen Werthes''. His results were confirmed by several people at that time[8,9]. The 
exploitation of MSC's did not start until the early 20th century with development of radio 
telegraphy. No physical explanation was proposed until much later. 
However, Braun had tried to explain the observed phenomena, and was able to rule out several 
possibilities. He concluded that it had to do with the contact itself. In 1939 Schottky and Mott 
[10,11] proposed a model based on the assumption that the semiconductor and the metal had 
the same vacuum level. The Schottky barrier is then the difference between the semiconductor's 
electron affinity (χ) and the work function of the metal ((p
m
 ) or: 
<PSB=9m-X (2.1) 
where <DSB is the Schottky Barrier height. 
The difference in the Fermi levels (Ef) of the metal and the semiconductor forms a potential 
barrier namely, the contact potential. When an intimate contact between a metal and a 
semiconductor is made this potential will cause electrons to move from the semiconductor into 
the conduction band of the metal; a process that will continue until the Fermi levels are aligned. 
The extra conduction electrons in the metal are confined to the metal side of the interface and 
confined within the Thomas-Fermi screening length of approximately 0.5Á. The junction 
between the metal and the semiconductor must be neutrally charged, thus there must be an equal 
amount of charge of opposite sign on each side of the junction. In the semiconductor, however, 
the density of donors (acceptors) is small compared with the conduction electron density in the 
metal and thus a larger region will be positively (negatively) charged. If the distribution of this 
charge is homogenous the bands of the semiconductor will be bent in accordance with Poisson's 
equation i.e. there will be an electrostatic potential V. At the interface V will equal the contact 
potential and the SB will still be defined by equation (2.1). This model predicts a linear relation 
between the metal workfunction and the SB with a gradient of one. In practice the gradient is 
not one but slightly less, see figure 2.4. 
In 1947 Bardeen suggested that the Fermi level could be pinned by intrinsic surface states of the 
semiconductor that persist under the metal overlayer. These extra states lay in the gap of the 
semiconductor. The position of the Fermi level now depends upon the occupation of these 
that the resistance differed with the direction, intensity and duration of the current. The 
differences amounted to 30 % of the total value 
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intrinsic states. When a metal is brought into contact with the semiconductor surface the 
occupation of the intrinsic states can change but this change will be small due to the high density 
of intrinsic surface states. This leads to a model where the SB is independent of the work 
function φ„, of the metal. 
The intrinsic surface states however may not all persist when a metal is put onto a 
semiconductor surface and new states may be formed. This was first recognised by Heine in 
1965 [13]. He attributed these states at the interface between the metal and the semiconductor 
to metal states penetrating into the semiconductor. These extra states lay in the gap of the 
semiconductor and decay exponentially into the semiconductor. They were therefore called 
metal induced gap states (MIGS). In the early nineteen seventies Louie et α/.[12,14,15,16] did 
elaborate calculations for metals on ІП- , П- І ionic semiconductors and silicon. In figure 2.5 
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figure 2.5 Local density of states for the Al/Si(lll) interface, as obtained from 
slab model calculations. The different panais (I-VI) cover a total spatial extent of 
about 10 Â symmetrically located about the interface. For the true interface 
region (IV), metal induced gap states (shaded) fill the forbidden band of the 
semiconductor 12] 
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the results of such a calculation for the Al/Si(lll) interface are shown. The metal in these 
computations is represented by a jellium model with an electron density corresponding to Al. 
The calculations clearly show an extra density of states in the gap of the semiconductor at the 
interface. This extra density of states rapidly decays into the semiconductor, a clear indication 
for the existence of MIGS. This model however does not explain why the SB in general is 
formed before the metal overlayer is sufficiently thick to adopt bulk properties i.e. for coverages 
below 1.0 ML. Moreover in these calculations the atoms (ions) are not allowed to relax from 
their original crystal positions. This has led to the introduction of several other virtual induced 
gap states (VIGS) such as defect induced gap states [17] or disorder induced gap states. It is 
now widely accepted that these type of states play a major role in the determination of the SB. 
In recent years the importance of the exact structure at the interface has become clear. It has 
been shown that for some metallic overlayers on silicon there are different Schottky Barriers for 
the same metal silicon contact depending on the interface structure[18,19]. This difference is 
explained in terms of the difference in number of nearest neighbours and the distance between 
the last Si atom and the first metal atom. This explanation was first suggested by Marnai et 
al. [20]. In chapter nine this hypothesis is discussed in more detail. 
The SB is defined as the energy difference between the Fermi level at the interface and the 
Conduction Band Minimum (CBM) of the semiconductor. So if the position of the Fermi level 
in the gap is known a SB can be predicted for a buried interface with the same reconstruction. 
This predicted SB can then be compared with the SBs of real systems. 
2.4 The Car-Parrinello method for structure calculations 
In the second part of this thesis the Pb/Si(100) system is discussed. This system exhibits some 
interesting features, some of which a can be simulated on the computer. The calculations were 
performed by Dr. M. Heinemann (Nijmegen). A Car-Parrinello code was used closely based on 
a program developed at the Fritz-Haber Institute in Berlin by R. Stumpf and M. Scheffler [21]. 
The main problem in ab initio calculations is to find an appropriate description for the electron-
electron interaction in a many body system. The approximation usually used is Density 
Functional Theory (DFT), derived by Hohenberg and Kohn [22]. This approximation is based 
on the assumption that the ground state energy of a system can be expressed as functional of the 
electron density alone: 
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E[n] = T0[n] + J Ve x t (n(r))dr + E H [n] + E e x c [n] (2.2) 
where T0[n] is the kinetic energy of the non interacting electrons with the same density, 
VMi(n(r)) is the external potential due to the nuclei of the system, EH[n] is the Hartree term that 
describes the electrostatic interaction of the electron with itself, and E„
c
[n] is the exchange 
correlation energy. The last term in (2.2) is very hard to calculate because it contains all many 
body interactions between electrons. 
The introduction of the Local Density Approximation (LDA) by Kohn and Sham[23] made this 
theory more practical for actual calculations. In LDA the electron correlation energy is assumed 
to depend only on the local electron density, or 
E
e x c
 [n] = J n(r)e(n(r))dr (2.3) 
where e(n(r)) is the energy per electron of a homgeneus electron gas with density n(r)This 
approximation is strictly only valid for systems with slowly varying charge density, but it holds 
remarkably even with the electron density formed at an actual interface. If the energy functional 
is known the ground state for the system can be found by solving a set of effective one particle 
equations. 
- ^ V 2 + V
e x t ( r ) + V H ( r ) + c x ^ K)} ¥i(r) = Ei(r)\|/i(r) (2.4) 
where ψ, are the one particle wave functions (atomic units are used with e = Й = m = 1). The 
charge density is then given by: 
n(r)=I|¥i(rf (2.5) 
i=0 
Equation (2.4,(2.5) are known as the Kohn-Sham equations. The usual way to solve the Kohn-
Sham equations is done by iteration until self consistency in the charge density and potential is 
reached. This involves repeated diagonalisation of big matrices and thus consumes a large 
amount of computer time. 
Car and Paninello [24] took quite a different approach to solving the Kohn-Sham equations, 
tackling both the electronic self-consistency and the equilibrium positions of the ions at the same 
time. They assign the parameters ψ, and Ri (the co-ordinates of the ions in the system) a 
fictitious time dependence and introduced a Lagrangian 
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L
 = xEHV'i|2 + T E M I R I -E[Vi.Ri] (2.6) 
ι
 z
 I 
in which the wave functions fulfil the orthonormality conditions 
fQdrrp*(r,t)ip](r,t) = ôij (2.7) 
where Ω is the volume of the system, Mi is the mass of the ions and μ, is the fictitious mass of 
the wave functions, or electrons. To find the combined molecular dynamics of both the ions and 
the electrons the ratio of μ and M must be chosen in such a way that the electrons can follow 
the movement of the ions adiabatically. The first two terms in equation (2.6) are equivalent to 
the kinetic energy in classical mechanics. From the Lagrangian the following equations of 
motions are found 
ЭЕ 
μψΐ(Γ,0 = - , + 1 Л і к ¥ к ( г . О (2.8) 
3ψϊ(Γ,0 к 
and 
M I R T = - V R J E (2-9) 
where Л1к are the Lagrange multipliers which make sure that equation (2.7) is fulfilled. In these 
equations of motion the motion of the ions has a real physical meaning whereas the motion of 
the electrons in the approach to self consistency is not physical. The great advantage of this 
scheme is that the self consistency and the relaxation of the ions can be calculated at the same 
time. In these calculations a basis set of plane waves is usually used with pseudopotentials 
representing the deep core potentials. 
From equations (2.8) and (2.9) we can find the total energy of the system and the forces on the 
ions. In order to find the minimum energy structures of the systems, a steepest decent routine 
was used. A problem with all numerical minimisation routines is the chance of getting in a local 
minimum rather than in the global minimum. This problem can be overcome by taking different 
starting points of the ions, or to move the ions away from the minimum and then let them relax 
again. Examples of a systems with more then one minimum are 1 monolayer of Pb on Si(100) 
and the Si(100) surface, (see chapter 6) 
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3 Experimental Techniques 
3.1 Introduction 
In this chapter the experimental techniques and apparatus used in this thesis will be described. 
The theory of the experimental techniques is given in section 3.2. Subsection 3.2.1 treats the 
properties of X-ray Photoelectron Spectroscopy (XPS). Some models to describe the process 
are introduced; and one model is looked at in more detail. The technique of Low Energy 
Electron Diffraction (LEED) as used for structural analysis is given in subsection 3.2.5. The 
section ends with the description of a Scanning Tunneling Microscope (STM). In section 3.3 a 
general description of an Ultra - High Vacuum system is given. The analysis of the XPS data 
presented in this thesis is strongly dependent on a good model to simulate the measured 
spectra, therefore an introduction to the procedure employed to fit the data in this thesis will 
end this chapter. 
3.2 Theory of Techniques 
3.2.1 Photoemission Spectroscopy (PS) 
One of the most powerful sources of information on the electronic structure of solids and 
surfaces is Photoelectron Spectroscopy (PS). The basic idea of photoelectron spectroscopy is 
to radiate a sample with photons of sufficient energy to remove an electron from the solid into 
the vacuum. The photoelectron is then captured by a detector that can accurately determines 
its kinetic energy (Ek). An electron energy distribution curve (EDC) of the number of electrons 
versus kinetic energy is then made. Most of the information in the EDC relates to the chemical 
environment of atoms. This inspired K. Siegbahn to name it Electron Spectroscopy for 
Chemical Analysis or ESCAfl]. 
The binding energy (Eb) can be determined by subtracting Ek from the well defined photon 
energy (ftv): 
E b = h v - E k (3.1) 
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The binding energy can also be defined as the difference between the initial energy of the N 
electron system (EN) and the energy of the N-l electron system (EN-i): 
E b = E N - E N - l = £ i (3·2) 
As a first approximation this can often be identified with the eigenvalue ε, in (2.4). However, 
in solids the electrons surrounding the atom after removal of the electron can redistribute to 
screen the resulting core hole. Equation (3.2) should then be replaced by : 
E b = £ ¡ + R (3.3) 
where R now contains all relaxation terms. If R is small enough to be neglected then the so 
called Koopmans Theorem\2\ (3.2) holds. In chapter 5 this term will be dealt with in more 
detail. 
The hot photoelectrons are easily scattered during their movement through the solid (see 
section 3.2.4). The scattering is strongly dependent on the kinetic energy (Ek) of the electron, 
consequently careful choice of the photon energy can result in surface or bulk sensitivity. This 
phenomenon can be used to separate bulk and surface components in measured spectra. 
There is a wide range of photon sources available that can generate photoelectrons from a 
solid. The choice of source depends on the character of the information needed, bulk or 
surface. The most widely used sources include ultraviolet light from gas discharge lamps -
Ultraviolet Photoemission Spectroscopy (UPS), and X-ray emission lines from certain metals -
(XPS). The most frequently used metal sources are the MgKa line (hv = 1253.6) and ΑΙκα Une 
(hv = 1486.6 eV). In general UPS is used to study the Valence Band (VB) and the Fermi 
edge, and XPS is used to look at the core levels of the solid. One other source of X-rays is 
synchrotron radiation, which consists of a continuum (10 eV to 10 KeV) of useful photon 
energies. 
3.2.2 Photoemission 
The interaction between the electrons and light is given by the Hamiltonian: 
H Í M
= S ¿ A . P j ,3.4, 
J 
where e is the electron charge, m is the electron mass, A is the photon vector field and pj is the 
electron momentum operator of electron j . The probability of an interaction of a photon with 
an electron system is given by Fermi's Golden Rule: 
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wfi(œ) = ^ [(f(N)|Hint|i(N))] 6(ef - E i -Λω)
 a
. 
where |ι'(ΛΟ) is the groundstate of the N particle system with energy e¡, {f(N)\ is the final state 
with energy ε, after absorption of a photon with energy Αω and Η** is the interaction 
Hamiltonian given in (3.4). The delta function takes care of energy conservation. 
There are numerous theories describing the photoemission effect. They can be split into two 
categories on the grounds of their basic assumptions. 
1. Microscopic models 
In microscopic models the removal of an electron from a solid to its detection is 
treated as one quantum mechanical event. The big advantage is that these theories 
take the final state of the (N-l) system into account, self energy effects and shake 
up processes. The disadvantage is the complexity of the calculation. For this thesis 
we use a phenomenological model. 
2. Semi-phenomenological models 
One of the best known semi-phenomenological model is the so called "three step 
model" developed by Spicer et al. [3,4] in the late 1950's. He split the process into 
three different, and independent, stages that can be relatively easily calculated. The 
simplification of the calculation lies in the assumption that for unoccupied states 
with energies above 30 eV there is a continuum of states available with all the same 
cross-section. This condition is generally satisfied in the experiments denoted here. 
3.2.3 The Three Step Model 
In general terms one can split the intensity I in an EDC as the sum of two contributions; first 
there are the electrons that have not undergone inelastic collisions with other atoms in the 
solid, then there are the rest of the excited electrons which have undergone inelastic collisions. 
The first create the primary intensity (Ip(E)) and the second form a background, or secondary 
intensity (Is(E)). Consequently it is clear that we can write: 
I(E) = Ip(E) + I
s
( E ) (3.6) 
In the three step model the primary intensity IP(E) is separated into three independent 
probabilities: 
step 1) photo-excitation, P(E) 
ж 
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step 2) transport through the solid, T(E) 
step 3) escape through the sample surface into the vacuum, D(E) 
Thus we write for IP(E): 
Ip(E) = P(E)xT(E)xD(E) (3.7) 
The first term (P(E)) in (3.7) is described by the formalism described in subsection 3.2.2. We 
can further simplify the excitation process by treating it as an optical excitation from the filled 
initial bulk states into the empty final bulk states. This assumes that the initial and final states 
in (3.5) are bulk properties and that к is a good quantum number. 
The transmission function T(E) describes the chance that an electron reaches the surface 
without any inelastic collisions. If we assume the inelastic scattering of the electrons to be 
isotropic, then we can describe it using a finite mean free path λ(Ε) (section 3.2.4). T(E) for 
an electron with energy E coming from a depth ζ below the surface of a solid is then given by: 
№ ) = e x
" f e ) < m 
Equation (3.8) only holds when the penetration depth of the exciting radiation is much larger 
than the mean free path of the photoelectron and the detection is normal to the surface of the 
solid; in general this means that the photon energy must be considerably larger then the 
plasmon energy. This is usually the case for the photon energies used in the XPS experiments 
described in this thesis. 
Finally the electron has to cross the surface to reach the vacuum. For the electron this means 
crossing a potential barrier. The height of this potential barrier is equal to the workfunction φ 
of the solid if we take the barrier height with respect to the Fermi level. In that case we can 
write for the term D(E): 
D(E)=1 Ε > φ 
D(E) = 0 Ε < φ 
In general the energies of the outcoming electron in XPS are so large that the function is 
nearly always unity. It is however possible to include instrumental properties in D such as the 
angle dependent sensitivity of the electron analyser 
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figure 3.1 Calculated inelastic scattering mean free paths in Al showing the one-
electron conrtibution (Xe), the plasmen emission contribution (\,), and the effect 
of summing these (λ,
α
,). The values are deduced from the calculations of Quinn 
[5] taking Et = 12 eV. The electron kinetic energy is shown relative to the Fermi 
level, (after Woodruff [6]) 
3.2.4 Inelastic Scattering and Surface Sensitivity 
Scattering processes in solids have a strong energy dependence. In PS the kinetic energy of 
photo electrons can vary from 5 eV to 2000 eV. The electron can collide with an atom and 
lose energy by creating a phonon, a plasmon or an electron hole pair. The energy of phonons 
is much smaller than the typical kinetic energy of the electron and thus will have small or 
negligible influence on the electron's kinetic energy. More important are the collisions in 
which a plasmon is excited. The plasmon energy has a range between 10 and 40 eV. The last 
form of inelastic scattering is that in which an electron hole pair is created by the colliding 
electron. In metals this scattering has a large cross section due to the absence of a gap 
between the occupied and unoccupied states. In non-metals where there is a gap between 
these states the minimum energy needed for the creation of an electron hole pair is twice the 
gap energy (Eg), i.e. Еіоа, = 2Eg. Each of these inelastic scattering processes has it own energy 
dependent cross section. In figure 3.1 a schematic curve of cross-section versus electron 
energy for each component is presented (the phonon cross-section is too small to fit in this 
curve). Above 40 eV the cross section for plasmon scattering grows rapidly, and most 
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scattering will involve plasmon creation. The process slowly becomes weaker as the kinetic 
energy of the electrons increases. 
From the above we can deduce that the mean free path λ(Ε) has a distinct minimum (see 
figure 3.1). In 1979 Seah and Dench [7] evaluated data relating to the mean free path of photo 
electrons as a function of their kinetic energy for a series of different materials. They found a 
general trend that is now known as "the universal curve" (see figure 3.2.). For electrons with 
Ek > 150 eV, Seah and Dench [7] give the following equation for the electron mean free path 
λ(Ε^) (in monolayers): 
Х(Е
к
) = 0.41д/а3Е
к
 (3.10) 
where a is monolayer (ML) thickness of the solid in nanometers and Ek is in eV. The probing 
depth depends on the kinetic energy of the electron. This means that with the use of different 
photon energies it is possible to separate bulk and surface contributions in an XPS spectrum. 
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figure 3.2 Different cross-section as a function of kinetic energy for different 
elements from Seah and Dench[7] 
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figure 3.3 Typical LEED patterns a) LEED pattern of a well ordered surface 
(Si(lll) 7x7, taken with 60 eV electrons) with translational symmetry in both 
directions [8], b) with the symmetry broken in one direction( Pb/Si(100) taken 
with 72 e\'electrons). 
3.2.5 Low Energy Electron Diffraction (LEED) 
Low Energy Electron Diffraction (LEED) is a powerful technique for the determination of 
surface structures. In LEED low energy electrons, with energies between 30 eV and 300 eV, 
are scattered from a solid surface. As discussed in subsection 3.2.4 the penetration depth of 
these electrons will be very shallow because of the short mean free paths associated with 
electrons with these kinetic energies. The scattered electrons are then collected in a retarded 
field, to remove the inelastically scattered electrons, and accelerated to a fluorescent screen. 
The scattered electrons will interfere constructively or destructively depending on the phase 
difference between the electrons at a site on the screen [9]. At the sites of constructive 
interference bright spots will show on the fluorescent screen. A LEED pattern is a 
representation of the surface in reciprocal space, and therefore gives direct information of the 
surface structure. If the surface of the solid has a translation symmetry in both the χ and the y 
direction parallel to the surface the spots are sharp and form a regular pattern (see figure 3.3 
a). When this translation symmetry is broken in one of these directions the spots will elongate 
in this direction (see figure 3.3 b). Finally it is possible that there is no translation symmetry at 
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all at the surface. In th
 ь
 "ase the LEED spots will elongate in both directions. The result is 
than that the whole screen is hzzy green [10]. 
3.2.6 Scanning Tunneling Microscopy 
Scanning Tunneling Microscopy (STM) is one of the many scanning probe techniques used in 
modem surface science. The STM is capable of imaging real space surfaces on an atomic 
scale. The basic design was developed by Binnig et al [12] in the early 1980's. The design of 
the STM is based upon the ability of electrons to tunnel through a potential barrier between a 
sharp needle and a surface (0.2 -1.0 run) when a bias voltage is applied. The result is a current 
running between the tip and the surface. The magnitude of current is exponentially dependent 
on the separation between the tip and the surface. An image, or topography of the surface can 
be obtained by moving the tip across the surface in the χ and y directions using piëzo-electric 
transducers and at the same time keeping the current constant by moving the tip in the ζ 
direction. A schematic drawing of an STM set up is presented in figure 3.4. 
The resulting STM image from the above procedure is a convolution of the tip and the surface 
structure, depending on the electronic structure of both. The influence of the electronic 
structure of the tip is still not understood in great detail. 
figure 3.4 schematic drawing of a STM (a) and its electronic circuit (b) (after 
R.G.P van der kraan [11]) 
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3.3 Apparatus 
In order to study a surface one needs a clean surface for a time that is sufficient to do the 
experiment. A simple calculation shows that a clean surface left in air will be covered with a 
monolayer of molecules in less the 10"6 seconds. It is clear that no experiment can be done in 
such a short time. Under conditions where there is no air surrounding the surface this time will 
become longer depending on the pressure, e.g. a Si surface cleaned in a vacuum system with a 
base pressure of lxlO"10 mbar is covered under a monolayer of molecules (mainly O2 and CH4) 
in S.5 hours leaving enough time to do an experiment. 
Most of the experiments presented in this thesis have been performed on different 
experimental set ups at different laboratories around Europe (Cardiff University, Synchrotron 
Radiation Source Daresbury, University of Nijmegen). AU experiments are performed at 
pressures below lx 10"9 mbar or lx 10"7 Pa, i.e. under Ultra High Vacuum (UHV) conditions. 
A UHV system generally consists of two separate chambers, a preparation chamber and an 
analysis chamber, each with its own independent pumping system. The pumping system is 
customised for each experimental set up (see figure 3.5). In the analysis chamber there is a 
Tip Exchange 
Manipulator 
Manipulator 
Mass 
Spectrometer 
Translation Rod— 
Quartz crystal 
Microbalance 
Turbo 
-Pump 
V 
Quick Entry 
Load Lock 
figure 3.5 Schematic drawing of a UHV set-up (after R.G.P van der kraan 
Uli) 
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figure 3.6 A typical XPS spectrum and its background 
light source, an electron energy analyser with detector and a LEED system. In the preparation 
chamber the sample can be cleaned and the ultra thin films are grown by evaporating the 
metals onto atomically clean silicon substrates from either a Knudsen-cell, a ribbon or a home-
made evaporation cell. Modern systems have a small chamber, or load lock, equipped with a 
separate pumping system attached to the preparation chamber for quick changes of samples, 
without breaking the UHV conditions in the main chambers. 
3.4 Data Analysis 
In this section an introduction into quantitative analysis of the XPS spectra is given. It is based 
on a paper by Joyce et al. [13]. An XPS spectrum can be separated into two main 
components, the peak and the background. In XPS the background is generated by the 
inelastically scattered electrons, so the height of the background depends on the number of hot 
electrons in the solid. This number increases whenever the photon energy is greater than the 
binding energy, giving a step like increase in the background function observed in a EDC at 
each peak (see figure 3.6). This can be described by a Shirley function [14]. 
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Core-level spectra can be simulated knowing binding energy, spin orbit splitting, branching 
ratio and peak shape. The first three are just numbers, but the latter has two major 
contributions due to: 
i) the life time of the core hole 
ii) the X-ray source, detector and temperature of the sample, etc. 
The life time of the core hole or natural linewidth can be described by a Lorentzian line shape 
[15,16,17]: 
1 
L(E) = 
1-4 
E - E T ,2λ 
(3.11) 
where EL is the centroid and ΓΊ. is the full width at half maximum (FWHM). The width is 
independent of the photon energy used. In all the data analysed in this thesis the Lorentzian 
width is determined from clean surfaces. Once determined, the width is kept constant in all 
subsequent analysis. 
The second part of the core level line shape can be described by a Gaussian function of the 
form: 
л
21 
G(E) = exp 
-41n2 E-E, 
V lG J 
(3.12) 
where EG is the Gaussian centroid and Γ 0 is the Gaussian FWHM. The instrumental response 
function is dependent on the photon energy used but independent of material studied or 
temperature of the sample. The phonon broadening is dependent on temperature and material. 
The Gaussian width can vary during the growth of the interface due to changes in the phonon 
spectrum as the deposited atoms can be in different chemical and structural environments [18]. 
The convolution of Equation (3.11) and (3.12), or Voigt function describes the core level line 
shape of insulators and semiconductors very well. For metals the high density of states at the 
Fermi level can scatter the hot electrons inelastically (shake up process), which breaks the 
symmetry of the Lorenzian part of the Voigt function. Doniac and Sunjic developed a 
formalism to describe this feature [19]: 
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Г(і- a)cos 
DS(E)=-
πα + (l + a)arctan 2 ' E - E L ^ 
)). 
(E-EL+4r¿)2 2-λ>«) 
(3.13) 
where α indicates the amount of asymmetry (a = 0 is symmetric), Γ is the gamma function and 
EL and ΓΊ. are the same as in equation (3.11). The convolution can be calculated by integrating 
over the Gaussian for any EG at fixed EL over the full width of the Gaussian, i.e. from -4σ to 
+4σ: 
4σ 
I(E G )= jG(E)xDS(E)dE 
-Ασ 
(3.14) 
A calculation of (3.14) involves a lot of computing time. Wertheim et al.[20] introduced an 
approximation for the Voigt function which is good to within one percent when compared 
with the real Voigt function. To get a more accurate fit of TL and Γ 0 a transformation matrix 
between the values of the approximate and the real П and Г
с
 values is generated. The 
approximation speeds up the computing time by a factor 20. 
The routine used to fit the data presented in this thesis performs a least square fit of up to 
three peaks simulated with the above Voigt functions to the raw data after removal of a 
suitable background. 
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4 Chemical Interaction and Schottky Barrier 
Determinations at the Mg/Si(100) Interface using 
* 
X-ray Photoelectron Spectroscopy 
Low work function metal on semiconductor systems have technological 
importance as efficient photocathodes or as thermionic energy converters. Mg on 
Si provides one such a system that is studied here. When the metal is deposited 
onto the Si(100) at room temperature, it reacts to form a thin (approximately two 
monolayers) layer of Mg2Si. Upon further deposition, the silicide behaves as a 
reaction barrier preventing the reactants coming into contact. Mg metal therefore 
grows on top of the silicide. Furthermore, it adopts a layer by layer mode. The 
Schottky barrier formed at this interface is very close to the value quoted by 
Mönch[8] i.e. approximately 0.5 eV. This close agreement suggests that the final 
pinning position may be a consequence of metal induced virtual gap states 
4.1 Introduction 
The use of low work function metals on Si has particular technological importance since such 
systems may find applications as efficient photocathodes and as thermionic energy 
converters[l,2,3]. Using suitable low workfunction metal-semiconductor systems it may even 
be possible to generate negative electron affinities whereby the effective workfunction of the 
bulk electrons in the semiconductor is just the band gap. There is also the more fundamental 
interest in studying intimate metal-semiconductor interfaces. Over the past few decades, a vast 
amount of both theoretical and experimental data has appeared relating to the problem of 
trying to understand Schottky barrier (SB) formation at metal-semiconductor interfaces. It is 
quite clear that the details of the interface are of paramount importance when trying to 
understand its electrical properties. Recently, attention has focused on nonreactive interfaces 
such as Pb on Si(lll)[4,5] and Sn on Si(lll)[6]. Such systems are attractive since the 
* This chapter has been published in Surf. Sci 314 (1994) 172 
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chemical complexities are removed and since the atom positions are well known. 
Consequently, it is relatively easy to compare detailed electronic calculations with similarly 
detailed experimental observations. Ba on Si(100) has been identified as a nonreacted 
interface[7]. It may be, therefore, that Mg on Si(100) is also a nonreacted interface which 
could provide another suitable system for more detailed examination. 
In this chapter, detailed X-ray photoelectron spectroscopy results pertaining to the room 
temperature (RT) Mg/Si(100) interface are presented. It is shown that the interface is 
chemically complex with the formation of the suicide Mg2Si. There is also a considerable 
degree of band bending associated with the interface with a final pinning position consistent 
with previous observations and interpreted in terms of metal induced gap states[8]. 
4.2 Experimental 
The experiments reported in this chapter have been performed at the Department of Physics 
and Astronomy of the University of Wales College of Cardiff. Si(100) wafer samples of 
dimensions (15x5x0.5) mm3 were cut from wafers with different doping concentrations viz Ρ 
doped η-type 1015 cm"3, As doped η-type 1019 cm"3 and В doped p-type 1015 cm \ The samples 
were etched and re-oxidised according to the following procedure before introduction into the 
UHV equipment. Between each step the samples were rinsed for three minutes in flowing de-
ionised water. The chemical treatment consisted of four stages: 
1 10 min. in ΝΗ4ΟΗ.Ή202:Η20 1:1:5 at 70°C (removal of grease and carbons) 
2 10 min. in HC1:H202:H20 1:1:5 at 70°C (removal of grease and metals) 
3 5s in HF:H20 1:5 followed by 15s in HF:H20 1:50 (removal of the native oxide) 
4 10 min. in NH,OH:H202:H20 1:1:5 at 70°C (re-oxidation) 
The samples were then blown dry with nitrogen gas and mounted on thoroughly outgassed Та 
sample holders. Once in the vacuum, the sample and holder were outgassed for 12 hours at 
500°C. The base pressure was below 5-10"10 mbar. The oxide was removed by heating the 
sample up to 950°C for approximately 2 minutes. The pressure during the removing of the 
oxide never rose above 2-10"' mbar. The contamination was checked by scanning the О Is and 
Carbon Is core level energy regions at high pass energy. It is assumed that a sample was clean 
when the О Is and С 1 s core levels were below the detection limit of the analyser. This gives 
an estimated contamination of less than 3% of a monolayer. Furthermore between each 
deposition the position of the Si Is was cross referenced with the position of the Si Is position 
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of the new sample. If the difference between these was more then 0.05 eV a new sample was 
taken. 
Mg metal was deposited by sublimation from a length of Mg ribbon mounted at the bottom of 
a specially designed chamber attached to the ESCA lab. Deposition rates were monitored as 
described in section 3.4. Mg was deposited onto atomically clean Si(lOO) samples at RT. 
Thick suicide layers were also grown by depositing between 400 and 800 Â Mg onto the Si 
maintained at approximately 300°C. 
Measurements were taken using a VG ESCA lab mark II instrument equipped with both Mg 
and Al X-ray sources and a monochromatised Al source. The system also included a rear view 
LEED stage and a fast entry load lock. Fermi level measurements were made using clean Ta 
and Pt foils. The data was analysed using the procedure described in chapter 3.4. For the Mg 
core levels the Shirley step height was adjusted so that for bulk Mg the asymmetry parameter 
α is within 5% of the literature value[9]. The peak to step height ratio found in this procedure 
was then used in all Mg Is spectra containing a metal contribution. 
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figure 4.1 Shift in the photoemission core level position as a function of Mg 
coverage for the first monolayer. The different symbols represent the different 
doping concentrations and a positive shift represents one to higher binding 
energy. The inset represents the shift for higher coverage. 
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4.3 Results and Discussion 
After cleaning, the Si(100) substrates were routinely atomically clean and exhibited typical 
double domain 2x1 LEED patterns. Furthermore, the valence band maximum (VBM) was 
measured to be 0.4 eV below the Fermi level in good agreement with earlier reports[10,11]. 
Upon Mg deposition at RT, the LEED pattern gradually faded into a hazy background and 
after 1Â (1 monolayer = 2.8Â) it was no longer visible. This indicates that the Mg has 
disrupted the surface and removed the long range order associated with the Si(100) surface 
reconstruction. 
The position of the Si 2s core level was found to vary as a function of the Mg thickness. In 
figure 4.1 a plot of the shift in the Si 2s core level against Mg thickness is presented. Each of 
the different symbols represents a different doping concentration. It is clear that the general 
trend for all samples is independent of doping concentration. Photoelectrons with a kinetic 
energy of 1336 eV have an escape depth in Si of approximately 25Â (see section 3.2.3). 
1300 1302 1304 1306 1300 1302 
Bindings Energy (eV) 
1304 1306 
figure 4.2 Evolution of the Mg Is core level as a function of coverage, о raw 
data, the line through the points is the best fit. Note the three components. 
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Consequently, practically all of the photoemission signal originates from the topmost 100 Â of 
the sample. When the doping concentration of the Si is moderate, the depletion (accumulation) 
width is of the order of microns[12]. Thus the XPS sampling depth is only a tiny fraction of 
the full spatial band bending range. The corresponding energy position of the Si derived 
photoemission features such as core levels is very close to the energy at the surface. However, 
when the doping concentration is large (e.g. 1019 cm"3), the depletion width reduces to the 
order of 100 Â[12]. Thus the photoemission derived Si 2s core level will now appear at an 
energy slightly different to the energy at the surface, depending on the degree and direction of 
the band bending. In our case of η-type samples, the bands bend upwards toward the surface. 
Consequently it can be expected that the energy position of the highly doped sample will be on 
the high binding energy side of that measured from the moderately doped sample. This 
accounts for the approximately 0.1 eV difference in the position of the Si 2s core levels from 
the clean 1015 cm"3 sample and the 1019 cm'3 one shown in figure 4.1. From the same argument 
a broadening of the Si core levels is expected. This broadening however, does not show up in 
our data. This may be a consequence of the broad linewidth of the X-ray source used in these 
XPS experiments. 
Since the experiments were carried out using samples of different doping concentrations at 
RT, effects due to the photovoltage effect can confidently be ruled out. The shifts seen in 
figure 4.1 are attributed to band bending induced in the Si by the Mg overlayer. The final value 
of approximately 0.2 eV means that the Fermi level is pinned 0.6 eV above the VBM. This 
corresponds to an η-type (p-type) Schottky barrier (SB) of approximately 0.52 eV (0.6 eV). 
Weijs[7] made similar observations on the Ba/Si(100) system, but the final shift observed was 
approximately 0.35 eV to higher binding energy. Weijs also observed a shift in the position of 
the Ba 4d derived core level but in the opposite direction to that of the Si 2p core level. In 
figure 4.2 it is shown that there is also position and shape dependence of the Mg Is derived 
core level as a function of Mg thickness. Like Weijs' observations, the metal core level in this 
case also shifts in the opposite direction as the semiconductor's. For thin coverages, the line 
shape is relatively broad and symmetric and becomes narrow and asymmetric as the thickness 
increases. Above approximately 25À, the line shape is representative of pure Mg metal. The 
asymmetry or Doniach Sunjic line shape is a consequence of the metallic character of the layer 
(see section 3.4)[9]. 
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figure 4.3 The Si 2s core level derived from (a) the clean surface and ((b),(c)) 
after 8Â of Mg had been deposited, (b) was recorded at normal emission and (c) 
after the sample was repositioned such that its plane was at 60° to that of the 
analyser entrance slit. Notice the two components present in (b) and (c), 
consistent with the formation of Mg2Si. The change in the ratio between the two 
components clearly indicate that the suicide is on top of the Si substrate 
Weijs found that at RT there was no reaction at the Ba/Si(100) interface. He attributed the 
band bending in Si to charge transfer from the Ba to the empty surface states of the substrate. 
This would have the effect of shifting the surface Fermi level away from the VBM. As the 
amount of Ba increased, he argues that the average charge transferred from each Ba atom is 
reduced resulting in a shiñ of the Ba induced states to lower binding energy. This is quite 
different to our observations at the Mg/Si(100) interface. 
In figure 4.3 Si 2s derived data collected from (a) the clean substrate, (b) after approximately 
8Â of Mg had been deposited at RT and (c) as for (b), except that the sample was 
repositioned such that its plane was 60° to the plane of the entrance slit of the analyser is 
presented. This last measurement had the effect of enhancing the surface sensitivity [13] by 
reducing the effective photoelectron escape depth by a factor of two. From figure 4.3 it is 
clear that there are two components associated with the signal after the Mg had been 
deposited. The smaller component is shifted by approximately 1.4 eV to lower binding energy 
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figure 4.4 A curve of the ratio of the suicide intensity to bulk Si intensity as a 
function of Mg thickness. Notice that the ratio terminates at approximately 
10% showing that the suicide reaches a finite thickness of± 2ML 
relative to the larger, bulk component. The shift to lower binding energy is consistent with Si 
bonding to a less electronegative element i.e. Mg (the electronegativities of Si and Mg are 1.8 
and 1.2 respectively[14]). This is similar to the observation of Wigren et α/.[15]. They studied 
the Mg/Si(lll) interface with X-ray absorption spectroscopy, and reported shifts of 
approximately 1.2 eV to lower binding energy for the Si core levels. During our investigation 
thick layers of the silicide Mg2Si were grown to obtain reference Si 2s and Mg Is data. By 
comparing the binding energy of the smaller component in figure 4.3 with this reference signal 
it is possible to identify the reaction product at the interface as Mg2Si
f
. 
Most of the spectra presented in figure 4.2 can be synthesised with two components, one 
representative of the metal (labelled A) with a binding energy of 1303.2 + 0.1 eV, and the 
other (labelled B) at binding energy 1303.8 ± 0.1 eV. From the silicide reference signals it is 
possible to attribute component В to Mg2Si, entirely consistent with the Si 2s spectra of figure 
4.3. At lower coverages it is necessary to introduce a third component (labelled C) into the fit 
and at the lowest coverages this component is the dominant one. This component is believed 
+for more details see chapter 5 
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figure 4.5 A plot of the normalised intensities of the various contributions to the 
Mg Is data presented in figure 4.2 
to represent Mg atoms present on the surface in a number of different sites , since it is much 
broader than either the metal or the suicide contributions. This is in contrast to systems such as 
Sn on Si(100) [10]. In that case, Rich et al. noted that the narrowest Sn derived core level 
peak was achieved at the lowest coverages, consistent with the Sn occupying specific sites on 
the Si( 100) surface. 
From the Si 2s spectra obtained (not shown), it was possible to produce a curve of the 
intensity ratio between the suicide and the bulk silicon components as a function of Mg 
coverage, this is presented in figure 4.4. From this figure it is clear that the suicide has a finite 
thickness at the interface. This is achieved after approximately 10Á Mg has been deposited. 
From the intensity ratio it is possible to estimate that the thickness of the suicide is 
approximately 2ML. Evidently, therefore, the suicide layer acts as a reaction barrier at the 
interface preventing Si and Mg from coming into contact and forming more suicide. Therefore 
the diffusion of Si or Mg through the suicide is low at RT. This is not the case at elevated 
temperatures since thick layers can be formed by wanning the system to approximately 200°C. 
see chapter 6 
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In figure 4.5 a plot of the intensity І(дс) versus thickness (x) for each of the components 
observed in figure 4.2 is presented. The intensities have been normalised to that obtained from 
the thickest Mg film. From the plot it is clear that the suicide contribution is attenuated 
exponentially after approximately 2.SÂ, suggesting that the metal grows in a layer by layer 
fashion on top of the suicide. This is confirmed by the behaviour of the metal contribution 
since its intensity can be described by the equation: 
Ι(*)=1(0)[ΐ-εχρ(-χ/λ)] (4.1) 
where λ represents the photoelectron escape depth and 1(0) the intensity for an infinitely thick 
Mg film (see section 3.2.3). In practice, this represents the intensity from the Mg layer when 
no substrate derived features can be seen i.e. after 50-100Ä. From the above, a value for λ of 
9 ± 2Â is found, in good agreement with the calculated value of 7Â from the empirically 
derived formalism of Seah and Dench (see 3.2.3). 
Let us consider the SB formed at the interface in a little more detail. Heine[16] proposed a 
model based upon the formation of virtual gap states (VGS) formed at the interface. These 
states derive from the semiconductor alone and if they are full up to the charge neutrality level 
(CNL), the interface is electrically neutral. For Si the CNL occurs at 0.36 eV above the 
VBM[17]. If the metal forming the barrier has a smaller electronegativity than Si, charge 
transfer will occur into the VGS and the Fermi level position will move above the CNL. The 
opposite will occur if the metal has a larger electronegativity and the Fermi level will be 
positioned below the CNL. Mönch[8] presents a plot of SB height versus Miedema [18] 
electronegativity for a variety of metal and silicide/silicon interfaces. The data fit a straight line 
lending support to the argument of Fermi level pinning by VGS. One of the data points on the 
plot refers to Mg on Si. The barrier quoted for this junction is very close to the value obtained 
in this study. Consequently the pinning position can be attributed to VGS. However the Si 2s 
and Mg Is data presented in figure 4.1 and figure 4.2 shows that there is a considerable 
amount of band bending after less than 1 ML of Mg has been deposited and furthermore, all of 
the Mg had reacted to form the suicide. Clearly, the original states associated with the clean 
Si(100) surface are replaced or modified. It is not possible to state what the exact nature of 
these states is from the data presented in this chapter, though some suggestions can be made 
such as disorder induced gap states associated with the disruption of the surface as observed 
with LEED or VGS induced by the suicide. It is important to note that the suicide is not 
metallic but semiconducting with a bandgap of approximately 0.7 eV[19]. Consequently any 
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VGS at this stage would be due to a heterojunction in the way described by Tersoff[17]. The 
final pinning position is achieved after the Mg Is core level data shows the presence of 
metallic Mg. If this pinning position is due to metal induced states then these states would be 
induced in the suicide and/or the silicon. 
4.4 Conclusions 
It is believed that the Mg/Si(100) interface formed at RT is chemically reacted and its 
formation involves three stages : 
i. Initially the Mg adopts random sites on the Si surface, disrupting the long range order 
associated with the Si(100) surface reconstruction; 
ii. As the amount of Mg increases, silicide formation takes place. The suicide is identified as 
Mg2Si. The silicide layer reaches a maximum thickness of approximately 2 ML after 
approximately 10Â of Mg had been deposited; 
iii. Finally, as more Mg is deposited it grows in a laminar fashion and forms a layer of pure Mg 
metal on the silicide 
The final η-type SB off approximately 0.5 eV is consistent with previously reported values and 
may be a consequence of VGS 
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5 The Bonding in Mg2Si Studied with X-ray 
* 
Photoelectron Spectroscopy 
Samples of Mg2Si have been prepared on atomically clean Si(100) surfaces in ultra 
high vacuum conditions. X-ray Photoelectron Spectroscopy is used to study the 
nature of the chemical bond in the prepared samples. Values for the charge transfer 
between Si and Mg are derived from the XPS spectra and compared with values 
determined theoretically. An ionicity of 9% was predicted from the theory which 
agrees well with the value of 8% derived from the size of chemical shift associated 
with the XPS spectra. 
5.1 Introduction 
The bonding in magnesium suicide has been the subject of many studies in the past 
[1,2,3,4,5,6]. One of the questions remaining is the degree of ionicity in the Mg-Si bond; the 
reported values differ by as much as 90% i.e. from a nearly ionic compound to one that is 
almost totally covalent with 10% ionicity [1-6]. In all these studies the Mg2Si had been 
exposed to air. Mg2Si is highly reactive with the water vapour in air, so extensive exposure 
will result in a sample that has at least an outside layer of MgO and Si02 corrupting all surface 
sensitive techniques. 
The determination of bonding in solids with X-ray Photoelectron Spectroscopy (XPS) is a well 
established technique [7]. The exact value of the core level binding energy depends on the 
chemical state of the electron. The energies in the compound are thus shifted with respect to 
the binding energies in the pure elements. The change in valence charge density can be 
deduced from these shifts, giving an estimate of the ionicity of the bond. 
In this chapter an in situ XPS study of the UHV preparation of a magnesium suicide is 
presented and it is shown that the compound has a stoichiometric ratio of Mg : Si = 2 : 1 i.e. 
Mg2Si. This is the only stable magnesium silicide[8]. The ionicity of the bond is calculated 
'this chapter has been published in J. Phys. Chem. 99 (1995) 9519 
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from the chemical shifts observed in the XPS experiments, using the potential model described 
below, and these are compared with the results from the electronegativity model of Pauling. 
5.2 Theory 
5.2.1 Potential model 
The chemical shift of a core level in an XPS experiment is induced by a change in the valence 
shell potential, Madelung potential and relaxation energy. The valence shell potential is the 
interaction between the core and the valence electrons on the same atom. When an atom is 
involved in a chemical reaction its valence electrons are rearranged and the valence shell 
potential is changed. In the reaction the atom will go from state A to state В (A => B), and the 
change in its potential is given by [9]: 
ДЕ
с
(А=>в) = к
с
[ я ^ - Ч у ] (5Ί> 
where q
v
 is the charge of the valence shell and Κς is the coupling between the core and the 
valence electrons. If the valence charge is considered to be a screening charge, the coupling 
constant is 
e
2 
K
c
 = — (5.2) 
r
v 
where r
v
 is the average radius of the valence shell in Bohr units and e is the electron unit 
charge. The effect of this potential on a core electron is diminished by the Madelung potential, 
which is the potential between the core electron and all other charges present in the solid. If 
these charges are considered to be point charges (q,), the Madelung potential becomes: 
v
qJ 
νί=Σ-± (5.3) 
i*jK,j 
where R¡¡ is the distance between the core electron i and charge j ; this is the inter atomic 
distance if the core electron is considered to be placed at the nucleus. The value of this 
potential has the opposite sign to the first term. 
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There may also be a change in the relaxation energy (Ες ), which can be split into two 
contributions, intra and extra atomic. The equation for the chemical shift then can be written 
as : 
2 
AEC(A=>B): „А в q
v
 - q
v 
+ уА-у^] + Е? (5.4) 
If the following assumptions are made: i) the radius of the valence shell does not change, ii) 
the Madelung potential is only summed over the nearest neighbours, and Hi) q, is replaced with 
Aq
v
 as the charge transferred to the neighbouring, atom, then (5.4) can be rewritten in the 
following form: 
AEC = A q v e ^ 
1 η 
— + · 4 rv R 
+ E R (5.5) 
where η is the number of nearest neighbours, and R is the intra atomic distance in Bohr units. 
5.2.2 Pauling's electronegativity model 
From the electronegativity values of two atoms, the tonicity of a bond formed between them 
can be estimated [10]. Pauling found a relation between the tonicity of a bond and the 
difference in electronegativities of the atoms forming the bond [11] 
k2" 1 = 1 — exp 
-°-
25(x
a
-Xb) (5.6) 
where I is the tonicity, which is the fractional amount of ionic charge, and χ& and χ. are the 
electronegativities of atoms a and b. The charge transfer is then given by : 
*a л ь 
q = n· 
|ла ль | 
I (5.7) 
where η is the number of bonds per atom. Application of this model to Mg2Si, with 
electronegativities of 1.8 for silicon and 1.2 for magnesium, results in a charge transfer of 0.18 
charge units per bond. This indicates an ionicity of 9% since magnesium is divalent. 
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5.3 Experimental 
The XPS experiments were performed at the University of Nijmegen. Magnesium suicide was 
grown on a Si(100) substrate, which was cut from a commercial η-type wafer. It was 
chemically treated before it was brought into the UHV chamber. The chemical treatment used 
is described in chapter four, and resulted in the growth of a thin protective oxide layer. Under 
UHV conditions the Si substrate could be heated by passing a current directly through it. The 
substrate was outgassed at 500°C for approximately 12 hours before the chemically grown 
oxide layer was removed. The removal of the oxide layer was done by heating the sample up 
to 900 °C for 5 min. 
The magnesium was evaporated from a Knudsen cell, held at temperatures between 300 and 
370 °C, onto the silicon substrate which was kept at room temperature. The deposition rate 
was monitored using a quartz crystal microbalance. During the deposition the pressure did not 
exceed 1· 10"9 mbar. After depositing between 500 and 1000 Â, the substrate was heated up 
to 180°C, for 20 minutes. Suicide formation and contamination levels (O Is & С Is core 
levels) were monitored with XPS. Contaminants were routinely below the detection limit of 
the apparatus indicating a level of less than a few percent. Unmonochromatised Mg Кд X-rays 
were used in all measurements. The detector has a hemispherical analyser, fitted with 2 micro 
channel plates followed by a strip with 16 gold anodes as the electron detector. 
Analysis of the XPS data was performed using a least squares routine that synthesises a fit 
composed of Voigt functions after the removal of an appropriate Shirley-type background as 
described in section 3.2.3. In the Mg core level data, for the pure metal spectra presented, an 
asymmetry in the line shape is observed. Consequently a Doniac Sunjic-type parameter [9] had 
to be included in the fit parameter set in order to describe this. This feature is only observed in 
metals, and can be used to identify a solid as a metal [12]. 
Mß2p 
Mg 2s 
Si2p 
Si 2s 
A 
(counts eV/s) 
0.28 
0.51 
0.36 
0.33 
Α/σ 
(counts eV/cm )^ 
36.6 
46.0 
18.9 
18.1 
table 5.1 The areas A andA/σ under core level peaks ofMgjSi. 
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figure 5.1 Si 2p core level spectra for 
the clean silicon (bottom panel) and 
suicide (top panel). 
figure 5.2 The Si 2s core level spectra 
for the clean silicon (bottom panel) and 
suicide (top panel). 
5.4 Results and Discussion 
After the preparation of the sample the stoichiometric ratio of the compound was determined 
by comparing the areas under the Mg and Si core level spectra (table 5.1). The peak intensities 
in the spectra can be described by the following equation for the intensity I (counts/s) 
Ι = Ν · σ · λ · ί (5.8) 
where N is the number of atoms involved, σ is the cross-section, t is the transmission function 
of the analyser and λ is the electron mean free path. The transmission function can be 
described by 
k - l t~(VEkm")~ (5.9) 
where Ekl„ is the kinetic energy of the detected electron for kinetic energies between 2 and 200 
times the pass energy of the analyser. The mean free path of an electron has been described by 
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figure 5.4 The Mg 2s core level spectra 
for the pure magnesium (bottom panel) 
and suicide (top panel). 
Seah and Denen1 [13] and has the following form for electrons with kinetic energies higher 
than 150 e V 
λ ^ Λ / Ε ^ " (5.10) 
The transmission function and the electron mean free path now cancel, so the number of atoms 
contributing to the peak can now be estimated by the ratio of the area to the cross-section. In 
table 5.1 the area (A) and the effective area (Α/σ) are presented; note the difference between 
the Mg 2s and Mg 2p areas. This difference is caused by the Si 2p satellite intensity derived 
from the Mg Кд з 4 radiation. These electrons have the same kinetic energy as the electrons 
of the Mg 2s core level from the Mg Кд ι 2 radiation. Consequently only the Mg 2p peak was 
used to determine the ratio between Si and Mg. The stoichiometry was calculated as Mg:Si = 
fFor a detailed descriptions see section 3.2.4 
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2:1 and the compound is thus identified as Mg2Si in agreement with other results which state 
that this is the only known stable stoichiometry for a magnesium silicide[8,14]. 
In figure 5.1 to figure 5.4 the magnesium and silicon core level spectra from the constituent 
elements and the suicide are presented. The open circles are the raw data, the solid line is the 
fit and the dashed lines represent the components. In the ρ level spectra the spin orbit 
contributions are plotted separately. From figure 5.1 to figure 5.4 (top panels, suicide) it can 
be seen that there are no extra components present, indicating that there is no unreacted Mg or 
Si left in the compound. The pure Mg spectra (see figure 5.3 and figure 5.4 bottom panel) 
have a clear asymmetric or Doniac Sunjic line shape which is characteristic of a metal and is 
caused by shake-up processes. The asymmetry is not present in the Mg spectra (see figure 5.3 
and figure 5.4 top panel) derived from the suicide, indicating a transition from a metallic to a 
non metallic compound. This is in agreement with other studies [15] which state that Mg2Si is 
a small gap semiconductor with an indirect bandgap of 0.7 eV. The peak at 101.2 eV in the Si 
2p (figure 5.1) spectrum can be attributed to a plasmon loss associated with the Mg Is 
electrons. The plasmon energy can be estimated from the Drude model 
^ . / 4 π η β 
Έ
ν
=
Ί~^Γ
 (5Λ1) 
where m is the electron mass, e is its charge and η is the average electron density in the unit 
cell. Assuming that only the valence electrons contribute to the plasmon, the number of 
electrons is taken to be 32 per cubic unit cell, with 6.48 Â for the lattice constant. This gives a 
plasmon energy of 13 eV which is in good agreement with the experimental value of 12.4 eV. 
The energy shifts of the Si and Mg core level in Mg2Si with respect to those from the pure 
elements are presented in table 5.2. The Mg core levels shift in the opposite direction with 
respect to the Si core levels. The mean shifts are +0.25 eV for the Mg core levels and -1.02 
eV for the Si. These shifts are in good agreement with the shifts reported by Wigren et al. 
[14], who found +0.34 and -0.9 for the Mg and Si level respectively. They performed 
photoemission measurements on the initial interface formation of Mg on Si (111) at RT. The 
formation of Mg2Si at the Mg/Si interface was also reported in chapter 4 for Mg on Si (100). 
Ghosh et al. [6] also performed XPS experiment on Mg2Si. They found a shift of 0.7 eV for 
both Mg and Si core levels, however their samples were prepared ex situ. An attempt has been 
made to repeat their preparation conditions, but the samples invariably have too high an 
60 MSC 
2p 
2s 
Avg. shift 
Mg shift 
(eV) 
0.30 
0.20 
0.25 
Si shift 
(eV) 
-0.95 
-1.10 
-1.02 
table 5.2 Energy shifts (eV) of the magnesium and silicon peaks in Magnesium 
suicide with respect to the pure compounds 
oxygen content. Furthermore, the ratio between Si and Mg did not indicate that magnesium 
suicide was measured. They also report the presence of oxygen in their samples but consider 
that this will not influence the Mg core levels in magnesium suicide excessively. However their 
Si 2p peak is much too small, indicating that the suicide is either buried under a thick MgO 
layer or the stoichiometry is not Mg:Si = 2:1. 
From the shift presented in table 5.2 the amount of charge transfer can be calculated using the 
potential model. The relaxation term in equation 6 can be split into two contributions as 
described in the theory section. The intra-atomic contribution refers to the rearrangements of 
the electrons on the atom itself; these are assumed to be nearly unaffected by the changes in 
the chemical environment [9]. The extra-atomic contribution is more complicated to estimate. 
In general this involves the charge flow from neighbouring atoms. This is large in highly 
polarisable systems. From the small difference in electronegativity it can be deduced that the 
bond in Mg2Si is covalent, suggesting that the extra atomic relaxation is small. Therefore the 
E^ contribution is assumed to be negligible. The results of these calculations plus the 
parameters used are listed in table 5.3. For the radii of the valence shell the values as given in 
Carlson[10] are used. It is found that the charge transfer is 0.16 charge units from the 
magnesium to the silicon. The bonding is then covalent with a 8% tonicity, because magnesium 
is divalent. This result is in good agreement with the result of Pauling's electronegativity 
model (see theory section 5.2.2). Estimates of the ionicity are reported in several papers [1-6]. 
Our result is in good agreement with the result of Eldridge et al. [2] and those of Whitten et 
al. [5]. The former performed elasticity measurements and compared these with atomic radii. 
The latter calculated the frequencies of lattice vibrations in Mg2Si. From the calculations they 
obtained an ionicity of 25%. Ageev and Guseva[l] performed X-ray reflectivity measurements 
and concluded that the ionicity of Mg2Si must be much higher then 10%. From infrared 
reflectivity measurement McWilliams[3] found that the ionicity was 90%, indicating that 
Mg2Si is an ionic like compound. From the above it is clear that the bulk sensitive techniques 
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magnesium 
silicon 
r, (In Bohr units) 
2.31 
1.97 
R (In Bohr units) 
5.23 
5.23 
charge transfer 
-0.18 
+0.15 
table 5.3 Net charge transfer values per bond calculated with the potential model 
rv valence shell radius from Carlson [10] and R, the inter atomic distance. 
are more in agreement with our oxygen free result. The more surface sensitive techniques used 
on ex situ prepared MgîSi samples tend to find ionic like compounds. From this it might be 
concluded that the oxidised layer on the surface of the sample strongly influences the results. 
Bulk like techniques are less sensitive to any surface contamination. In our experiments, 
although surface sensitive, there was no oxygen detected. It is clear that the oxygen free 
results represent the true nature of the chemical bond between Si and Mg in Mg2Si. 
5.5 Conclusions 
The suicide formed after heating silicon covered with magnesium has the stoichiometric ratio 
of Mg:Si = 2:1 and is thus Mg2Si. The core level binding energies in this silicide are shifted 
with respect to the pure elements by +0.25 and -1.02 eV for the magnesium and silicon levels 
respectively; from the shifts it is found that Mg2Si is a covalent compound with an ionicity of 
only 8 %. In our samples the oxygen contamination was negligible. Our results and the results 
from bulk-sensitive experiments are believed to represent the true nature of the chemical bond 
in magnesium silicide, because in both cases oxygen does not influence the results. In the more 
surface sensitive experiments the presence of oxygen has to be checked and accounted for. 
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6 Initial stages of the growth of Mg on Si(100) 
studied by Scanning Tunneling Microscopy 
In this chapter the results of a study with Scanning Tunneling Microscopy (STM) 
into the initial stages of the growth of Mg on Si(100) are presented. First the 
growth mode is determined at a fixed tip bias. For coverages below 0.2 ML the 
topography images showed bright lines connecting the Mg atoms. Tip bias 
dependent topography images were taken for a coverage of 0.04 ML. Besides the 
topography measurements for these ultra thin layers spectroscopy measurements 
were also performed on the same coverage. The spectroscopy on clean Si(100) 
surfaces clearly shows a difference between on top off and in between the dimers. 
There is also a difference between the spectra of the Mg atom and the bright lines, 
indicating that the lines are most likely not subsurface Mg atoms. 
6.1 Introduction 
In chapter three it was indicated that the Mg/Si(100) interface might have a very complex 
structure. First it was shown that Mg and Si react to form Mg2Si. This reaction stops because 
the suicide works as a diffusion barrier. From the XPS results a SK-like growth mode is 
predicted. However, in contrast to SK growth, in this case the growth starts off in an island 
like fashion and then, after a solid suicide layer is formed, shows a more laminar behaviour. In 
order to get more insight in the exact growth mode and the structure for the initial stages of 
growth an elaborate STM study was performed. 
There are presently no STM studies of the growth of earth alkaline metals an Si(100) 
available. For some alkaline metals the early stages of growth have been studied by STM 
[1,2], as have many other metals. Some metals on Si(100) show atoms forming long lines on 
the Si(100) surface, for example Al[3,4], Ag[5,6], Au[5], Pb[7], Li and K[l]. In the majority 
of these early stages of metal growth on Si(100) the lines form a new surface superstructure 
'The work presented in this chapter has been done in collaboration with R.G.P. van der Kraan 
and has also appeared in his thesis. 
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which has a different symmetry than that of the Si(100) 2x1 surface reconstruction. 
Exceptions are Li and K, these metals exhibit some features that are comparable with what is 
observed in the STM images of Mg on Si(100) for coverages below 0.2 ML. Besides the 
determination of the growth mode the origin of these new feature is studied. The experimental 
results are compared with ab intio calculations. 
6.2 Experimental 
The scanning tunnelling microscopy (STM) experiments were performed at the University of 
Nijmegen. For the experiments 9x8x0.5 mm3 Si samples were cut from Ρ doped η-type 10"15 
cm"
3
 wafers. Before introducing them into the vacuum they were chemically cleaned and 
reoxidised (for details see chapter 4). After the treatment they were mounted onto well 
outgassed Ta sample holders and loaded into the vacuum. After loading into the vacuum 
chamber the Si samples were left at 500°C for several hours, followed by repeated cycles of 1 
min at 700°C until the pressure during these flashes stayed below 3· 10"10 mbar. The oxide was 
removed by heating the sample to 850 °C for 3 to 5 minutes. The contamination levels were 
checked with Auger Electron Spectroscopy and the С level was usually less then 1% of a 
monolayer and the О was below the detection limit of the apparatus [8]. 
The UHV system consisted of two chambers: a MBE chamber and a STM chamber. The MBE 
chamber had 4 K-Cells surrounded by a cryoshroud and was equipped with a small load lock. 
Mg was evaporated from one of the K-cells kept at a temperature of approximately 300°C. 
The Magnesium flakes (99.999% pure, Goodfellows) were loaded in an A1203 crucible. 
Evaporation rates were monitored using a quartz crystal microbalance. The STM chamber was 
equipped with a rear view LEED and the STM unit. The STM was mounted on a stack of 
viton slices to damp the high frequency vibrations picked up by the steel walls of the UHV 
system. The manipulators for the movement in the χ and ν directions and for the course 
approach (z) can also be decoupled from the STM unit. The whole UHV system was mounted 
on an air damped frame in order to suppress the low frequency vibrations of the building. The 
topography images were taken and later analysed with a Nanoscope III control unit and 
software at different bias voltages. For the Scanning Tunnelling Spectroscopy (I-V curves) 
measurements an Omicron control unit was used. This was done because the Omicron 
software is more suitable for spectroscopy than the software of the Nanoscope III. When a I-V 
curve is taken the feedback loop of the STM is switched off, so during the voltage sweep the 
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tip can drift in the ζ direction. For a full sweep from +2.5V to -2.5V this drift can be very 
large. So after each voltage step the system is allowed to stabilise. The signal to noise ratio 
was improved by averaging over several curves. To acquire information on the density of 
states at different points on the surface, spectroscopy is combined with topography (Current 
Imaging Tunneling Spectroscopy, or CITS), and at each topography point an I-V curve is 
taken. In this way the different spectroscopy curves can be separated into curves of the same 
topographical feature. It also makes it possible to recognise changes in the topography during 
the scan caused by drift and other influences of the tip on the surface. The spectroscopy curves 
presented are all of the same topographical feature and averaged over as many curves as 
possible, then smoothed and differentiated to obtain (dI/dV)/(I/V). 
6.3 Results and Discussion 
6.3.1 Growth 
After cleaning, the Si(100) substrates showed good 2x1 LEED patterns and on the STM 
images the dimer rows (see figure 6.1a) were clearly visible. The Mg was then deposited on 
this clean surface and the coverage was checked with AES. In figure 6.1 the results for 
different Mg thicknesses are presented, all images were taken at positive tip biases. At very 
low Mg coverages the STM image shows some bright protrusions which have an average 
height of approximately 0.2 nm above the surface, see figure 6.1b. This height is within the 
range expected for Mg atoms on a Si(100)surface. The exact position and nature of these 
protrusions has been discussed by van der Kraan [9]. He showed that the protrusions are most 
likely to be Mg atoms. 
For slightly higher coverages between 0.05 and 0.2 ML the protrusions are connected by 
bright lines, of which some can cross several dimer rows. The lines are mostly perpendicular to 
the dimer rows and have a height of approximately 0.05 nm above the Si(100) surface. This is 
much too low to be Mg atoms. Furthermore it appears that the Mg atoms form long lines or 
rows. However in contrast to other studies of metals adsorption on Si(100) the Mg atoms do 
not form a regular pattern [1-7]. From the above it can be proposed that the lining up or 
formation of rows of metal adatoms on Si(100) is an intrinsic feature of this surface. The 
experimental results for the absorption of Mg atoms at coverages below 0.5 ML seem to 
confirm this hypothesis. At 0.5 ML the Mg atoms are randomly distributed over the Si(100) 
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figure 6.1 STM topography images for different Mg thicknesses on Si(lOO) a) 
clean, b)0.02 ML, c)0.04 ML, d)0.08 ML, e) 0.5 ML, f) 1.2 ML and g) 6.0 ML. The 
scan sizes are respectively 300 χ 300 Â, 320 χ 320 À, 340 χ 340 À, 500 χ 500 À, 
230 χ 230 Â, 450 χ 450 À and 650 χ 650 À. 
surface. From figure 6.1e it can be seen that the whole surface reconstruction of the clean 
Si(100) surface has disappeared confirming the experimental result of chapter 4 that the 
Mg/Si(100) interface is very complex. The results are confirmed by ab intio calculations using 
the model described in section 2.4. For the higher coverages the Mg tends to form islands on 
the surface. This is in contrast to the results of chapter 4 where a laminar growth is predicted 
which is not observed for the coverages presented here. The island observed in the STM 
images of 6.0 ML Mg on Si(100) are very large and nearly touch each other. In XPS the 
intensity is averaged over a large area, so if the islands are big with small height differences 
then the growth will look more layer like in XPS than with the STM. For coverages over 6.0 
ML no STM images were taken, however, the layer by layer growth mode is deduced from the 
XPS results at the thicker Mg coverages. 
6.3.2 STM on Mg coverages below 0.2 ML 
In order to get more insight in the origin of the bright lines topography measurements with 
different tip biases were performed on the same bright line. The results of the topography at 
different tip biases (V„p) for a line on a Si(lOO) surface are presented in figure 6.2a to f. From 
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figure 6.2 A series of STM images of the line segments connecting two Mg atoms 
on an Si(lOO) surface taken with different tip biases, a) V,=+2.7 V, b) V,=-0.5 V, c) 
V,=-1.5 V, d) V,=-2J V, e) V,=+0.9 V, e) V,=+2.3 V. All images are 107x107Â 
these images it can be seen that not only the bright parts but also the Si surface changes its 
appearance. This difference in appearance can be explained by looking at the available states 
that can be used for tunneling. The spatial shape is different for each state used for tunneling, 
as can be clearly seen in these STM images. The energy region spanned in these images can be 
split up into following states 
1. images at V„p > + 0.8 V show the filled π bonding states of the surface dimers. 
2. images at V„p = + 0.4V show the filled gap states that pin the Fermi level 
3. images at - 0.8V < Vtlp < - 0.4V display the empty π anti bonding states of the 
surface dimers 
4. images at V„p < - 1.0V show the bond between the top Si atom and the second layer 
Si atom, the so called backbond. 
The density of states for the gap states is much smaller than for the π bonding and anti-
bonding states making the tunnel current less stable for tunneling into these gap states (see 
figure 6.2b). For the images taken at V„p = - 0.5 V the defects in the image have a different 
shape to the shape they have in the images taken at V,,p = 1.2 V. The change in shape can be 
attributed to the existence of extra states at the edge of the defect. Hamers and Köhler [10] 
identified the possible extra states at the edge of a defect for the Si(100) surface. They showed 
the existence of three different types of states. In this case extra states are the of the С type, 
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caused by unbound dangling bonds. Hamers et al. [10] also show that this kind of defect can 
pin the Fermi level on the Si(100) surface. The identification of the states seen in images taken 
with V
up < 1.0V can not directly be identified from known spectroscopy results. The exact 
origin of these states will be discussed in section 6.3.3. 
The presence of these connecting lines indicates that there is a substantial interaction between 
the Mg atoms on the Si(100) surface or between the Mg atoms and the Si atoms on the 
surface. The distribution of the protrusions or Mg atoms on the surface does not show any 
structure at all. This is in contrast to the observations of Ichinokawa et al. [11] who reported a 
2x3 or 2x2 overlayer reconstruction after annealing the Mg/Si(100) system to 500°C. During 
the preparation of Mg2Si for the results described in chapter four it was found that by heating 
the Si substrate above 300°C all Mg disappeared from the surface within seconds. The LEED 
showed no spots at all when checked. The well known 2x1 surface reconstruction for Si(100) 
reappeared after annealing the substrate for several minutes at 800°C. 
For the lines between the Mg atoms the images at different tip biases show some interesting 
features (see figure 6.2). When the Vtip has a value that is within the gap of the Si substrate the 
lines appear to be composed of a number of small parts. The position of these small bright 
parts is on top of the Si dimers suggesting that either the density of states of the Si dimer has 
changed or that the dimer is moved in an upward direction. Similar observations have been 
made for the alkaline metals Li and К on Si for the same coverages by Hashizume et al. [1]. In 
their studies they observed an extension to the single Li (K) atoms at coverages of 0.05 ML. 
They explain the observed extensions as lobes of electron clouds from the Li (K). At 
coverages of 0.1 ML Li (K)a similar line on top of the dimers is observed. 
In a more recent paper by Johansson [12] it is shown that for 0.005 ML of Li on Si(100) the 
Li atoms prefer to bond to the С defect sites. From the experiments presented in this thesis it 
can not be seen if this is the case for Mg on Si(100). It is however clear that most of the 
observed defects in the presented STM images are of the С type. An attempt to see if there is 
a change in the number of defects has not been successful. The main reason for this is the high 
number of defects still present at the clean Si(100) surface before Mg deposition. The above 
suggests that the line segments observed in the STM images of Mg on Si( 100) are the result of 
some extended electron lobes of the Mg. 
In this thesis a monolayer is defined as the density of Si surface atoms. For the Si(100) surface 
this is 6.8 χ 1014 atoms cm - 2 or 6.8 atoms ηπΓ2. From this we can estimate the number of Mg 
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atoms that must be visible in an STM image. If mis is done for the STM image in figure 6.2b 
we expect to find 315 Mg atoms on the surface. As discussed by Van der Kraan [9] the bright 
spots are the Mg atoms. A careful count of these spots in the image presented in figure 6.2b 
resulted in 165 Mg atoms. This is nearly a factor of 2 difference with the expected number 
from the estimate. In Chapter 4 it was shown that the Mg/Si(100) interface is highly 
chemically active, forming a suicide (Mg2Si). Wood et al. [13] showed that the Mg2Si crystal 
structure can be seen as a filled tetrahedral structure. In a filled tetrahedral structure the inter 
atomic space of a crystal with a diamond structure is filled, and thus hardly changing the size 
of unit cell. Filling the tetrahedral spaces of the Si(100) surface can be achieved if the Mg 
atoms can go subsurface under the surface dimers. When another Mg atom sits on top of the 
same dimer only the stable suicide Mg2Si is formed. If this is the case half of the deposited Mg 
can not be seen on the STM images. This does not however explain the appearance of the line 
segments. A suggestion might be that due to the sub surface Mg atoms the backbond of the 
dimer changes length thus putting strain on the second and third layer Si atoms. This strain can 
be removed by moving the Si atoms perpendicular to the dimer rows. A recent study of Si 
growth on Si(100) by Wolkow [14] clearly shows this strain relief by moving the dimers in 
between two broken dimers. 
Another explanation can be that due to the extra donated electrons the screening surrounding 
the dimer changes and thus in the STM it appears that the dimers perpendicular to the rows 
move. In order to choose between these two possibilities new calculations are being performed 
at this moment. The first result for a coverage of 0.5 ML Mg on Si(100) surface shows that 
the energy difference between all Mg atoms on top of the surface and half the atoms on top 
and half below the surface is 0.3 eV in favour of the latter, suggesting that the observed line 
structure can be the result of sub-surface Mg atoms. For coverages below 0.5 ML the unit cell 
needed is too big for well converged calculations. 
6.3.3 Scanning Tunneling Spectroscopy 
For the STS we performed Current Imaging Tunnelling Spectroscopy (CITS) on an 4 χ 4 nm2 
area. CITS were taken on the following surfaces: 
i) a clean Si( 100) surface with less then 2% defects present 
ii) clean Si(100) surface with approximately 15 % defects 
iii) on Si(100) surface with 0.04 ML Mg. 
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figure 6.3 STS curve taken on a clean Si(100) 2x1 surface, a) average over a 
larger area, b) STS curves for on top of the dimer row and in between the dimer 
rows. 
For each CITS the area was divided into a grid of 40x40 I-V curves, each I-V curve consisted 
of 150 points. All curves with the same topographical characteristics are averaged. In the 
figures the x-axes gives the sample bias Vs instead of Vup as used in the images presented in 
section 0. This is done to be able to have the filled states at a negative polarity and the empty 
states at a positive polarity as is done in the literature. 
For the clean Si(100) 2x1 surface with less the 2% defects the STS spectra show nearly no 
features (not shown). The shape of the I-V curves did not change after voltage pulses were 
applied and the tip was crashed into the surface to alter the tip shape. Also the position on the 
the Si(100) surface did not change the shape of the measured spectra. Furthermore, the 
observed band gap was much larger than the one found in other Si(100) STS measurements. If 
the Fermi level is not strongly pinned at the surface the potential of the tip can induce an extra 
surface potential that will change the band bending in the semiconductor. This tip induced 
band bending has been observed in the study of McEllistrem et al. [15]. They showed by 
performing local surface voltage measurements that on Si(100) surface the tip bias can induce 
an extra potential at the surface. The size of this extra potential depends on the size of VMp, 
thus the bias voltage is no longer a valid energy scale. The presence of surface defects gives 
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figure 6.4 Spectrafrom a CITS measurement on 0.04 ML Mg on Si(lOO). a) above 
a single Mg atom, b) on the line segments described in section 6.3.3. Л
а
, Ль, and 
В indicate the expected positions of the states. 
rise to a state at the Fermi level that can pin the Fermi level if the density of these defect states 
is high enough. In the case of less than 2% of a monolayer the density of defect states is less 
then 2.3xl013 cm"2 which is however still not high enough in this case to pin the Fermi level 
strongly enough for STS measurements. This is consistent with the observations of 
McEllistrem et al. [15] who still observed some tip induced band bending at a defect density of 
1.0xlOl3cm'2. 
In figure 6.3 STS curves are presented that were taken on a clean Si(100) surface with 
approximately 15% defects present. In this case the defect density is approximately l.OxlO14 
cm"
2
 which is enough to pin the Fermi level. The spectra closely resemble the spectra 
presented by Hamers et al. [16] and Boland [17], namely a sharp peak at -0.8 eV and a small 
peak at +0.3 eV. The peak positions are in reasonable agreement with the extra peaks 
observed in the XPS data presented in chapter 8 and with the photoemission and inverse 
photoemission spectra which show peaks at -0.5 eV and +0.3 eV [18]. The peak at -0.8 eV 
can be attributed to the filled тіь bonding states of the Si dimer while the peak at +0.3 eV can 
be attributed to the л
а
 anti-bonding states of the dimer. The peak at 1.1 eV can be identified 
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with the bond between the Si surface atoms and the Si atoms in the second layer, or backbond 
as was observed by Boland [17]. These states also show up in the topography images with 
Vtip<-1.0V. 
For the Mg free areas of the 0.04 ML Mg on Si(100) the same features as described in the 
previous paragraph can clearly be observed in figure 6.3b. The features however are narrower 
and therefore the position can be determined more accurately. This improvement in the line 
width is most likely due to a better pinning of the Fermi level by the Mg atoms. From the 
CITS images it is possible to average over spectra taken on top of the dimer rows and in 
between. The result of such a procedure is presented in figure 6.3b. The intensity of the peak 
at approximately 1.2 eV is much larger for the spectra in between the dimer rows than it is for 
the spectra taken on top of the dimer rows. This strengthens the view that the peak observed 
is the backbond as introduced above. This back bond is also observed by Munz et al. [19]. 
The peaks in the STS scans of the Mg covered Si(100) are shifted with respect to the position 
they had on the clean Si(100) surface by 0.2 eV+0.07 eV. This shift of the Fermi level has also 
been observed in the XPS data presented in chapter 4 for the ultra thin coverages and is in the 
opposite direction of the shift found for thicker Mg coverages. The origin of this shift can not 
be derived from the data presented in this thesis. The role of the chemical reaction between 
Mg and Si atoms is believed to play a major role. The presence of chemical reactions 
complicates the mechanisms describing the pinning of the Fermi level for metal semiconductor 
contacts because the constitution of the overlayer material is not well known. 
Finally spectra of a single Mg atom and of the lines were measured. The spectra show more 
variation than the spectra for the clean silicon, therefore not one but several spectra are 
presented in figure 6.4. Note the scale is the same for all spectra presented in figure 6.3 and 
figure 6.4. 
In figure 6.4a the spectra taken above a single Mg atom are presented. The most striking 
difference with the spectra taken on clean Si(100) is the absence of a large intensity at -0.8 eV 
and +0.3 eV. The absence of this intensity indicates a change in the π bond of the Si surface 
atoms. Calculations show that the buckling of the Si surface dimer is less underneath the Mg 
atom [9]. This disappearance of the buckling makes the dimer more symmetric and therefore 
the π bonds will broaden in energy. For positive polarity an extra intensity with a maximum at 
+1.5 eV is found. These extra states are attributed to the Mg unoccupied density of states. 
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The spectra taken above the line segments show more resemblance to the spectra taken from 
the clean part of the surface than with the spectra of the Mg atoms, see figure 6.3. The extra 
density of states observed at negative bias for the single Mg atom is not present, but the 7ib 
states can clearly be seen. From the presence of this peak it can be concluded that the Si 
dimer-bonds have not been changed with respect to the dimer bonds observed for clean 
Si(100). The π„ bonding states are shifted to +0.8 eV, the peak is much broader than the peak 
observed in the clean Si(100) spectra. The shift is believed to be caused by the charge donated 
to the Si surface by the Mg atoms. The amount of charge transfer can be different from the 
amount determined in chapter 5, it will however still be small because the bond between Si and 
Mg will remain covalent. 
6.4 Conclusions 
The growth of Mg on Si(100) is shown to be complex. Up to 6.0 ML the growth mode is pure 
VW. For coverages below 0.2 ML extra lines are observed between two Mg atoms 
perpendicular to the dimer rows. The nature of the lines can not be deduced from the STM 
images. It is believed that half of the Mg atoms deposited are below the Si surface. From the 
spectroscopy it can be seen that the observed lines have a more Si than Mg like spectral 
character. 
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7 Experimental and Computational Structure 
Determinations of the Surface Superstructures of Pb 
on Si(100) 
The Pb/Si(100) interface was studied with STM in order to determine the 
properties of the Pb surface superstructures. For two superstructures the results 
were compared with ab initio calculations. There is a good agreement between the 
experimental and computational results. A new Pb surface superstructure has been 
observed. This new structure has a 2x3 double domain LEED pattern with 
teardrop shape spots. It is shown to be one dimensional. 
7.1 Introduction 
The role of the interface structure on the final pinning position of the Fermi level in the gap and 
thus on the final SB height is at present not fully understood. In the general introduction the 
proposed hypothesis of Matthai et al. [1] was presented. In order to test this hypothesis a 
model metal semiconductor interface is needed. This model interface needs to have two major 
characteristics, first no chemical interactions between the metal and the semiconductor and 
secondly several different interface reconstructions. In this thesis the experimental results are 
compared with computational results. This puts a third restriction on the interface: the 
interface reconstruction must have a unit cell that is small enough to perform well converged 
computations. The Pb/Si(100) is an ideal candidate for such a system. Lelay et al [2] showed 
that the Pb/Si(100) interface is totally unreactive. Zhoa et al. [3] performed a LEED 
investigation on the surface superstructures of this system and reported five different structures 
that form at RT, namely 2x2, c(4x8), c(4xl), 2x1, and 4x4. Two have unit cells small enough 
for well converged computations. The superstructures have also been studied with STM by 
Itoh et al. [4]. They reported that the c(4xl) superstructure has a different symmetry namely a 
c(4x2). However they made their observations on a very low Pb coverage, below 0.5 ML, 
the computations were performed by M Heineman who also adapted the code used. 
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instead of 1.0 ML as did Zhao et al. [3]. In that case only parts of the surface exhibit the c(4x2) 
superstructure while other parts have a 2x2 superstructure. The question remains as to what is 
the minimum energy configuration for this coverage. During the investigations of the electronic 
structure of the Pb/Si(100) interface it was noticed that the 2x1 superstructure at 1.2 ML was 
difficult to prepare: it was only observed at elevated temperatures and when there was oxygen 
present at the surface. In order to answer these questions, STM images were taken and 
compared with computer simulations. 
In this chapter the results of the study are presented. Besides the known superstructures a new 
superstructure has been observed, a streaky 3x2. This is a low symmetry reconstruction which 
makes it difficult to study computationally at present. 
7.2 Computational Method 
In the calculations the crystal is represented by a slab of ten layers of Si atoms, with five layers 
of "vacuum" on each side. The first Si atom of the mesh of the crystal has the co-ordinates (!4 , 
'/4, 0), and from this the whole slab can be generated. The Pb atoms were placed on top of the 
outer two layers of Si atoms with the 100 surface orientation. During the calculations the outer 
three Si layers and the Pb atoms on each side of the slab were allowed to move, leaving the 
inner four layers fixed. 
The structural and electronic ground state of the system is reached using a Car-Parrinello like 
scheme as introduced in section 2.4 [5,6]. For the atomic potentials Kleinman-Bylander type 
ab initio pseudopotentials [7,8] were used. The plane wave basis set had a kinetic energy up to 
8 Ry. An increase of the cut-off to 10 Ry does not influence the results within the required 
accuracy. The Kohn-Sham states are occupied according to Fermi-Dirac statistics with kBT = 
0.025 eV. The integration in k-space is replaced by a summation over four special k-points in 
the irreducible part of the ρ 2x2 surface Brillouin zone [9]. Tests with nine k-points show no 
significant changes in the density of states. The accuracy of the structural parameters of the 
system was carefully checked and uncertainties were less than 0.05Â. 
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figure 7.1 Calculated structure for the clean Si(lOO) surface a) top view and b) 
side view. The light grey balls represent the bulk Si atoms and the dark grey 
balls represent the surface Si atoms 
Throughout this and the following chapters a Pb coverage of Θ = 1 corresponds to one 
adsórbate atom per Si atom on the surface, i.e. corresponds to an adatom density of 6.92 χ 
IO14 atom/cm2. One monolayer, on the other hand, means a close packed layer of adatoms and 
therefore depends on the size of the particular adatom. In the case of Pb one monolayer (ML) 
corresponds to Θ = 1 
7.3 Results and discussion 
The computer program was tested for the clean Si(100) surface and gave a surface 
reconstruction with asymmetric dimers, and p(2x2) or c(4x2) surface unit cells. These results 
are in accordance with the well converged results of Ramstad et al. [10], adding confidence to 
our results for the Pb/Si( 100) system. The result of this test of the clean Si( 100) is presented in 
figure 7.1. In figure 7.1a a top view of the surface is given, figure 7.1b represents a side view 
of the slab. For comparison STM images for the clean surface are presented in figure 7.2, -
experimental details are the same as in chapter 6. The buckling associated with the asymmetric 
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figure 7.2 STM image of a clean Si(lOO) surface, a) 800 χ 800 À2 b) 300 χ 300 À2 
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figure 7.3 The 'streaky' surface superstructure, a) LEED Pattern b) 1000 x 1000 
À2 and d) 250x250 A2 
dimers is not visible everywhere on these images because the orientation of the buckling 
changes rapidly between dimers at room temperature. The buckling is pinned when the 
symmetry is broken, i.e. by defects and step edges. The arrow in figure 7.2b points at a spot 
where the buckling can be seen. 
After each Pb deposition the LEED pattern was examined. Deposition rates were of the order 
of 0.1 MLmin"1 with the substrate at room temperature, and the time of deposition depended 
on the required surface superstructure. At very low coverages, below 0.3 ML, a LEED pattern 
that has not been reported by Zhoa et al.[3], was observed. The LEED pattern shown in figure 
7.3a was taken with an incident beam energy of 85 eV: in this pattern the spots in between the 
main 2x1 spots are not sharp, but have a more tear like shape. The total pattern is that of a 2x3 
double domain surface superstructure. In the rest of the thesis it will be referred to as the 
streaky 2x3. The corresponding STM images are presented in figure 7.3b-c, taken with a tip 
bias of + 1.9 V and a tunnelling current of 150 pA for the small area images. For the large area 
figure 7.4. The results of the computations for the 2x2 Pb on Si(lOO) surface 
superstructure a) top view and b) side view. The light grey balls represent the bulk 
Si atoms, the dark grey balls represent the surface Si atoms and the black ball 
represent the Pb atoms 
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figure 7.5 Image of the 2x2 Pb surface superstructure a) 50x50 À2, b) averaged 
line scan parallel to the dimer rows. 
scans the tip bias was increased to 10 V with the same tunnelling current, resulting in a larger 
tip-sample distance (a positive tip bias means tunnelling into the filled states). The STM images 
clearly show bright lines perpendicular to the Si dimer rows. The bright lines are all parallel to 
one another, forming rows, but all have different lengths and are not equidistant. They are 
most likely to be rows of Pb dimers. The differences in separation of the rows break the 
symmetry in the perpendicular direction, resulting in the teardrop shaped spots in the LEED 
pattern (figure 7.3a). 
In figure 7.4 the result for the minimum energy Pb (Θ = 0.5ML) surface superstructure from 
the calculation is presented. For this coverage the Pb adatoms form dimers which are aligned 
parallel to the Si(100) surface dimers. The buckling of the Si surface dimers is reduced from 
0.48À for the clean Si(100) surface to 0.05 Á. The Pb dimers are buckled by 0.67 Â with the 
Pb atoms sitting more or less above second layer Si atoms. In the topview (see figure 7.4a) we 
see that the surface Si atoms and the Pb atoms together form hexagonal rings. In figure 7.5a an 
STM image of the 2x2 Pb surface superstructure is presented, and figure 7.5b gives an 
averaged line scan for lines perpendicular to the rows. The symmetrical shape indicates that 
figure 7.6 STM images of the 4x8 Pb/Si(100) surface superstructure, a) 100 X 100 
λ
2
, b) 50 χ 50 Â2. The white box indicates the unit cell 
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figure 7.7 The results of the computations for the Θ = 1.0 (c(4x2j) surface 
superstructure a) top view and b) side view The light grey balls represent the bulk 
Si atoms, the dark grey balls represent the surface Si atoms and the black ball 
represent the Pb atoms 
also in the direction perpendicular to the observed rows the Pb dimers are aligned as was 
expected from the calculations. Both the observed and calculated results are in good agreement 
with the experimental results of Itoh et al [4]. 
For the 4x8 structure the unit cell becomes too big for well converged computations. We 
therefore only present some STM images of this Pb surface superstructure in figure 7.6, taken 
at 1.9 V tip bias and 200 pA tunnel current. The Pb atoms are now arranged in hexagonal 
rings. The rings form rows with each row shifted half a unit cell with respect to the previous 
row of hexagonal rings. This result is also in good agreement with results of Itoh et al. [4]. 
The major task for the 1ML coverage was to identify the ground state atomic structure. 
Whereas in earlier experimental work a 2x1 structure had been observed, this structure could 
only be seen in our experiments when a significant number of defects was present. The cleaner 
surfaces exhibit a c(4xl) as seen with LEED and by Zhao et al. [3] or a c(4x2) pattern as 
proposed by Itoh et al. [4]. The final decision could not be made unambiguously from the 
LEED pictures or from the STM images. In order to determine the real Pb superstructure 
STM images were compared with minimum energy calculations. Since the p(4x2) cell is big, 
the minimum energy atomic arrangements for the 2x1, 4x1 and c(4x2) cells were calculated 
separately using different starting positions of the Pb atoms on the clean Si(100) surface as 
calculated in the tests. Afterwards the results for all the cells were compared and used as the 
starting point of a new energy minimisation, but now with a larger unit cell. This elaborate 
scheme is necessary to avoid mistaking possible metastable states for the ground state. 
The minimum energy structure for the Θ = 1.0 ML Pb superstructure on Si(100) is the c(4x2) 
superstructure. The energy gain is 0.06 eV per Pb atom compared with the 4x1 structure, and 
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figure 7.8 a) STM image of the c(4x2) Pb on Si(lOO) surface superstructure b) 
and c) averaged line scans of the STM image presented in a), b) parallel to the 
dimer rows, c) perpendicular to the dimer rows. 
the 2x1 derived superstructure is even less favourable by another 0.09 eV per Pb atom. This 
shows that the influence of defects must be of the order of at least 0.15 eV per surface atom to 
create the previous observed 2x1 superstructure. The results of the calculation are presented in 
figure 7.7 
It is not trivial to determine the Pb atom positions from the STM image presented in figure 7.8. 
As in the case of the clean Si(100) surface reconstruction, the dimer bonds between two Pb 
atoms is observed in the STM images. From figure 7.7b it can be seen that the Pb dimers are 
buckled. This leads to a lowering of the symmetry in the observed images with respect to the 
real Pb surface superstructure. In the STM image in figure 7.8a the dimers appear not to be 
aligned perpendicular to the dimer rows. The line scan presented in figure 7.8a has a 
symmetrical shape while for the scan in figure 7.8c there is a small shoulder visible at the 
arrowheads. This symmetry breaking rules out a 2x2 or a 4x1 unit cell for the surface 
superstructure. 
From the STM images, presented in figure 7.9, it can be seen that there is a defect at the edge 
of the second layer Pb 2x1 superstructure. During the experiments, all images that showed this 
second layer 2x1 surface superstructure contain some defects. We also found that it is possible 
to go from a c(4x2) to a perfect c(4x4) after depositing only approximately 0.3 A or 0.1 ML 
Pb onto the c(4x2) superstructure. In the study of Zhao et al. [3] the minimum amount of Pb 
needed to go from a 2x1 to a c(4x4) is 0.5 ML, and to go from the c(4x2) to the c(4x4) at 
least 1.0 ML Pb is needed. This is much more then the estimated 0.1 ML deposited in our 
experiments. Furthermore it can be seen from figure 7.9b that around the second layer 2x1 
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figure 7.9 STM images of the 2x1 Pb on Si(lOO) surface superstructure, a) 2090 χ 
2090 λ2, Ъ) 435 χ 435 À2, с) 190 χ 190 À2 and d) 179 x 179 À2. The arrow in с 
points at a defect. 
superstructure, the first layer c(4x8) superstructure is present, indicating that the c(4x2) has 
not been formed, or that the substrate surface could not be ideally covered. The mobility of the 
Pb atoms on the Si surface is hindered by the presence of defects. So a surface with a high 
defect density can thus not ideali у be covered with Pb atoms. In figure 7.9c the arrow point to 
such a defect that blocks the formations of the c(4x2) structure. Also in the core level spectra 
there is a difference in the Si 2p core level intensity for the c(4x2) and the 2x1 structure, the 
latter having a higher intensity than the first indicating a more open overlayer (see chapter 8). 
No images of the c(4x4) Pb overlayer are presented because the unit cell is too large for 
computations and the Pb atom positions in this structure have been determined by Itoh et 
al.[4]. 
7.4 Conclusions 
In this chapter we have shown that it is possible to calculate the surface superstructure for Pb 
on Si(100) for two of the five known reconstructions. The calculations nicely show the 
different structures and Pb atom positions which compare well with the positions found in the 
STM images. The calculations also clearly show that the c(4x2) is the Pb surface 
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superstructure for 1.0 ML Pb. It is believed that the reported 2x1 Pb surface superstructure is 
only possible if there are defects or contaminations present at the Si(100) surface. We have 
also found a new ID reconstruction for Pb coverages below 0.3 ML. 
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8 Core level Spectroscopy and Fermi Level Shifts 
of Pb Surface Superstructures on Si(100) 
The pinning positions of the Fermi level for the different Pb surface superstructures 
on Si(100) have been determined using X-ray photoemission spectroscopy. Each 
structure shows its own unique Fermi level. The Pb5d spectra have been used to 
determine the character of the Pb superstructure. From the valence band spectra it 
can be seen that the Pb atoms do not react with the Si surface. 
8.1 Introduction 
In this chapter the results of the XPS experiments on the different Pb surface superstructures 
for the Pb/Si(100) interface are presented. From the binding energy shift of the bulk silicon 2p 
core level for each superstructure with respect to that of the clean Si(100) 2p the pinning 
position of the Fermi level is determined. This pinning position of the Fermi level will 
eventually determine the Schottky barrier height if the surface superstructure can change into 
an interface structure when it is buried under a thick layer of Pb. For Pb/Si(100) this is not 
possible at RT. Zhao et al. [1] showed in their LEED studies that at RT the surface 
superstructure changes upon deposition of more Pb onto an existing superstructure. This is in 
contrast with some of the other systems that show surface superstructures such as Sn/Si( 111), 
Pb/Si(111) and NiSÍ2/Si(lll). All of these form their superstructures after annealing at 
elevated temperatures. The superstructures are thus baked in and will not change upon 
deposition of more material. 
8.2 Experimental 
Samples for the experiments were cut from standard 1019 cm"3 doped η-type Si(100) wafers. 
The substrates were soaked in acetone in an ultrasonic bath, then blown dry with He before 
being mounted onto well out gassed Ta sample holders and introducing into the UHV system. 
The vacuum system that was used was attached to beamline 6.1 of the Synchrotron Radiation 
Source (S.R.S) at Daresbury in the UK. Once in vacuum the samples were heated by rear e-
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Binding Energy (eV) 
figure 8.1 Evolution of the Si 2p core level for the different Pb surface 
superstructures. The spectra were taken using 130 eV photons. 
beam bombardment to approximately 500°C for at least 2 hours. The oxide was subsequently ' 
removed by flash annealing to approximately 1200°C for 30 s, or until the pressure rose to 
5-10"10 mbar. Such heat treatments yielded a well reconstructed 2x1 LEED pattern and 
subsequent valence band scans showed that there was no oxide present at the surface. A total 
of 17 samples were prepared in this way and the binding energy of the Si 2p core level was 
found to be 99.39 ± 0.05 eV. 
Pb was deposited by evaporation from a home designed Knudsen-type of source onto the 
atomically clean Si(100) substrate at RT. The deposition rate was monitored using a quartz 
crystal micro balance. During the evaporation the pressure was kept below 210"10 mbar. 
The Electron Energy Distribution Curves (EDC's) were recorded on beamline 6.1 of the SRS 
which used a grazing incidence monochromator and provides photons in the energy range of 
60 to 200 eV. The UHV set-up consisted of two chambers, a storage chamber with a small 
fast entry loadlock attached and an analysis chamber. The storage chamber had a base pressure 
of 110"10 mbar whereas the main chamber had a base pressure of 4· 10"" mbar and was 
equipped with a front view LEED and the Pb sources. The e-beam heater was attached to the 
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Photon Energy (eV) 
spin orbit splitting (eV) 
branching ratio 
Lorentzian width (eV) 
Gaussian width (eV) 
110 
0.60 
0.50 
0.086 
0.40 
130 
0.60 
0.50 
0.086 
0.47 
150 
0.60 
0.50 
0.086 
0.48 
table 8.4 Different parameters from the fits of the si 2p core levels. See text for 
details. 
main chamber sample holder. Energy analysis of the photoelectrons was achieved using a 
double pass cylindrical mirror analyser (DCMA). Core level spectra were taken at different 
photon energies in order to separate the bulk and surface contributions to the spectrum. The 
core level spectra were analysed using the fitting procedure described in chapter 3.4. 
8.3 Results and discussion 
For each superstructure the amount of Pb needed was determined, according to the quartz 
micro balance. When a certain amount of Pb had been deposited the LEED showed the 
corresponding superstructure, indicating that the different Pb superstructures of Pb on Si(100) 
are easily reproduced. In contrast with STM, as presented in chapter 7, here it is important to 
have perfect Pb surface superstructures. The pinning position of the Fermi level presented in 
section 8.3.4 is thus representative for each individual Pb surface superstructure. 
8.3.1 Si 2p 
In figure 8.1 the spectra of the Si 2p core level corresponding to the different Pb surface 
superstructures taken with 130 eV photons are presented. The spectra were fitted with the 
scheme described in chapter 3.4. Open circles represent the raw data after background 
subtraction, the solid line represents the best fit to the data, the dashed line is the contribution 
from the bulk silicon, and the dotted and the dashed-dotted are two different surface or 
interface contributions, si and s2 respectively. In table 8.4 the results of the parameters that 
determine the line shape (spin orbit splitting, branching ratio, Г
ь
 and Го) of the Si 2p core 
level are presented. The actual values were determined by fitting the Si 2p core level of the Pb 
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c(4x2) surface superstructure using the values found in the literature for spin orbit splitting of 
601 meV [2,3], the branching ratio R = 0.51 [2], and TL = 85 meV [3] as a starting point. The 
final results are in excellent agreement with the literature values. The variation in TG is due to 
the linewidth of the photons, and depends on the photon energy. By comparing the bulk and 
surface-sensitive spectra, the dashed peak can be identified as coming from bulk silicon while 
the dotted (si) and the dashed-dotted peaks (s2) respectively are identified as surface 
contributions. Recently a high resolution XPS study of the Si(lOO) surface by Landemark et 
al. [3] showed that at RT the Si 2p core level peak could be separated into a bulk 
contribution, and four surface contributions at -500 meV, -230 meV, 62 meV and 230 meV. 
The second and third surface contribution can only be observed in these high resolution XPS 
spectra with Γο= 250 meV. The measured positions of the surface components si and s2 for 
the clean Si(100) surface at -0.51 and +0.31 are in good agreement with these results. 
The spin orbit splitting, the branching ratio, I\, and Г 0 were then kept fixed while fitting the Si 
2p core level spectra for the other surface superstructures. From figure 8.1 and table 8.5 it can 
be seen that the surface state si shifts towards the bulk and disappears for the 4x2 surface 
superstructure. The other surface component s2 at +0.3 eV does not shift but loses intensity 
and is not present in the Si 2p core level spectrum of the c(4x2) superstructure. The origin of 
the surface state s2 at thicker Pb coverage is not clear at present. It could be an interface state 
that is pinned at the Pb/Si(100) interface. There is at the moment no theoretical evidence to 
clean 
streaky 3x2 
2x2 
c(4x8) 
c(4x2) 
2x1 
4x4 
thick 
si 
-0.51 
-0.34 
-0.27 
-0.15 
s2 
+0.31 
+0.34 
+0.28 
+0.31 
+0.33 
+0.43 
table 8.5 Position of the surface Si2p core level position relative to the bulk Si 2p 
core level. 
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figure 8.2 Absolute peak intensitites of the Si 2p core level for the different 
Pb/Si(100) superstructures. 
support this assumption. 
The 2x1 Pb surface superstructure reported earlier by Zhoa et al. [1] and in section 7.3,is 
presented in the spectra shown in figure 8.1. This superstructure exhibits some inconsistent 
behaviour. During the experiments we observed the changes from 2x1 to 4x4 approximately 
half an hour after the 2x1 was formed by deposition of Pb onto the Si(100) surface. 
Furthermore it was possible to get a perfect 4x4 by depositing only 0.1 ML Pb onto a good 
4x2, skipping the reported 2x1 reconstruction at 1.5 ML. The intensity of the Si 2p core level 
peak was higher for the 2x1 than for the 4x2 by a factor of 1.5 indicating that the 2x1 is a 
more open structure at a higher Pb coverage. The structure calculations presented in chapter 5 
show that the 2x1 Pb surface superstructure has a higher surface energy. We think that the 
change from the 2x1 into 4x4 is due to further cooling down of the substrate which was not 
completely at RT during depositing. This was also observed in the LEED studie of Zhao et al. 
[1] who determined that the transition from the c(4x4) to the 2x1 is reversible when the 
sample is heated to 300 °C and then left to cool down to RT. The c(4x4) is the low 
temperature surface superstructure while the 2x 1 surface superstructure is a high temperature 
superstructure. The temperature indicates that the energy needed to transform the c(4x4) into 
the 2x1 is approximately 23 meV. The stable 2x1 is most likely due to the presence of defects 
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figure 8.3 Spectra for the different Pb surface superstructures on Si(IOO), a) 
Fermi edge spectra, b) valence band spectra. The spectra were taken using 130 eV 
photons. 
or surface contamination of the Si substrates prior to the deposition. A sample of a defect 
induced 2x1 Pb surface superstructure is shown in figure 7.9. 
8.3.2 Valence Band spectra 
In figure 8.3 the valence band spectra for the different Pb surface superstructures are 
presented. In figure 8.3a a more detailed scan of the Fermi edge is shown. There are no major 
changes in the shape and peak positions for all coverages at energies above 2.5 eV indicating 
that the Si sp-hybrid is not broken. This implicates that there is no chemical reaction between 
the Pb and the Si surface as earlier reported by Laley et al.[4]. There are however distinct 
differences around the Fermi-edge (see figure 8.3a). For the coverage above c(4x2) (1.0 ML) 
intensity seems to appear at the Fermi level indicating the presence of metallic areas on the 
surface, or a half filled gap state. 
There is no intensity at the Fermi level for coverages below c(4x8) (0.7 ML) indicating that 
the interface is non-metallic. At higher coverages the intensity at the Fermi level increases. The 
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figure 8 4 The Pb 5d core level spectra for the different surface superstructures of 
Pb on Si(100) The spectra were taken using 70 eV photons 
cause of the rise in intensity is hard to identify because the origin of this intensity can have two 
sources 
a) tails of the surface states of the Si( 100) surface 
b) real density of states from the Pb contribution to the valence band indicating 
that the Pb overlayers now have a metallic character 
8.3.3 Pb 5d 
In figure 8 4 the Pb 5d core level for the different surface superstructures is presented Note 
that the line shape is symmetric for the thin coverage but turns asymmetric after approximately 
1 0 ML of Pb has been deposited This asymmetric line indicates that the overlayer has now a 
metallic character (see section 3 5 for details) For the asymmetric spectra a Donuch Sunjic 
line shape (see section 4 3) with an a parameter of 0 11 was used to fit the measured spectra 
This a parameter is in good agreement with the literature value of 0 14 [5] 
The metallic phase of the Pb is not expected from the results of the ab initio calculations for 
Pb layers of less then 1 0 ML The results of these calculations will be discussed in more 
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figure 8.5 Pinning position of the Fermi level with respect to the valence band 
maximum for the different Pb surface superstructures for Pb on Si(IOO). 
detail in the next chapter. The asymmetry of the Pb 5d line shape can be the result of small Pb 
islands with an higher coverage. The islands are belived to be too small to influence the 
pinning position of the Fermi level. 
8.3.4 Fermi level 
The measured Fermi level position with respect to the valence band maximum (VBM) for the 
different Pb surface superstructures is presented in figure 8.5. The shift of the Fermi level has 
been derived from the shift of the Si 2p peak positions with respect to the clean peak position. 
From these shifts the predicted Fermi level position can be determined. For clean silicon the 
Fermi level is found 0.41 eV above the VBM [6, section 4.4]. There seems to be a straight line 
towards the minimum at the 2x1 superstrucutre, and than a drop back. For the 2x1 and the 
c(4x2) the Fermi level is below the VBM indicating the the MSC is now metallic and has no 
rectifying behaviour. The drop back has been observed by Griffiths et al. [7] and Weitering et 
al. [8] for different adatom reconstructions of Sn and Pb on S i ( l l l ) respectively. This drop 
back might be explained in terms of interface relaxation, or the onset of metal induced gap 
states or interface states. 
The mechanisms that induce the pinning of the Fermi level and thus the change in predicted SB 
height are discussed in more detail in the next chapter. 
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8.4 Conclusions 
The pinning position of the Fermi level is shown to be dependent on the ordering of the Pb 
atoms on the Si(100) surface. The shape of the Pb5d core level shows a change from a non 
metal phase to a metal phase. From the measurments it is not clear if the metal phase spans the 
whole surface or is only present in small islands. 
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9 The Electronic Structure and the role of Surface 
Superstructures on Schottky Barriers of Pb on 
Si(100)* 
Density of states of two different Pb/Si(100) surface superstructures have been 
calculated using an ab initio technique. The results of the calculations show good 
agreement with the experimental valence band spectra after taking into account the 
broadening of the experimental data. It is also shown that there is a relation 
between the Schottky Barrier (SB) height and the interplane distance between the 
last Si layer and the first Pb overlayer. 
9.1 Introduction 
This is the final part of the investigation into the electronic and spatial structure of the 
Pb/Si(100) surface superstructures. In this chapter we present the electronic structure results 
of our ab initio calculation for the Pb/Si(100) system and compare them with experimental 
valence band spectra and Schottky barrier heights. The complex has five different 
superstructures, 'streaky 2x3', 2x2, c(4x8), c(4x2), c(4x4) of which two (the 2x2 and the 
c(4x2)) have a unit cell small enough for computations. The experimental setup is discussed in 
sections 6.3 and 8.2. The details of the ab initio calculations are presented in sections 2.4 and 
7.2. 
9.2 Results and Discussion 
9.2.1 Density of states and wave function character 
In figure 9.1 we show the evolution of the density of states with increasing Pb coverage as 
obtained from experiment and calculation. The calculated densities of states were broadened 
* The computations were performed by M. Heineman 
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figure 9.1 Comparison between experiment and calculations of the valence band 
spectra for a) clean Si(lOO) 2x1 b) 2x2 at 0.5 ML Pb, c) c(4x2) at 1.0 ML Pb 
with a Gaussian with a full width at half maximum (FWHM) of 0.4 eV in accordance with the 
experimental resolution (see table 8.4). The intensity observed in XPS spectra is directly 
connected with the density of states (DOS). The experimental data in figure 9.1 are normalized 
so that they have the same scale as the DOS from the calculations. The calculated clean surface 
density of states belongs to the p(2x2) structure but we cannot see major differences between 
this and the c(4x2) structure if calculated for the same set of k-points [1]. 
We find good agreement between measured and calculated DOS for the different coverages. 
The calculated DOS of states is the total density of states and is not separated into the Pb and 
Si contributions. The downward shift of the surface states, just below (positive numbers) the 
Fermi energy before Pb deposition, with increasing coverage and the build up of states in this 
energy region can be clearly seen. The calculations show no states at the Fermi level for all 
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coverages, in contrast with the experimental valence band spectra. In the calculated total DOS 
the states are δ functions, so they have to be convoluted with a Gaussian of FWHM 0.4 eV in 
order to compare theory and experiment. The intensity at the Fermi level seen in figure 9.1 for 
the theoretical curve (solid line) is the result of this Gaussian broadening. 
From the calculations we find the band gap as the energy difference between the last occupied 
state and the first unoccupied state. We find for the bulk layers a band gap of 0.88 eV. The 
difference between the calculated and the experimental band gap of 1.1 cV is well known in 
LDA type calculations. It is caused by the lowering of the unoccupied states in the 
calculations. This lowering however, is constant for the rest of the calculations so it can be 
used for predicting trends. For the surface of the clean Si(100) 2x2 surface reconstruction this 
gap is reduced to 0.41 eV due to the extra states at the surface. The 2x2 Pb overlayer 
reconstruction has a gap at the Si/Pb interface of 0.61 eV which changes to 0.85 eV for the 
c(4x2) at 1.0 ML Pb. From the above we believe that the surface states of the Si(100) 2x2 
surface are pushed out of the gap due to the presence of the Pb overlayer. This is also seen in 
the core levels presented in chapter 8. For the c(4x2) Pb surface superstructure there are no 
extra states under the Si 2p core level peak. We believe that the extra intensity at the Fermi 
level for the c(2x4) seen in the experimental VB is caused by small areas of Pb which have a 
different superstructure (of size smaller than the coherence length of the LEED electrons) or 
which have a second layer present which is really metallic. The small intensity and small energy 
shift compared to the mean contribution in the Pb 5d core level spectrum makes them hard to 
separate. 
9.2.2 Work function of the clean and Pb covered Si(100) surface 
The work function is defined as the difference between the vacuum and the Fermi levels and is 
obtained directly from the calculation since we employ Fermi-Dirac statistics to occupy the 
electronic states. The results are listed in table 9.1. It is not possible to determine the absolute 
coverage 
(superstructure) 
clean(4x2) 
0.5 ML(2x2) 
1.0 ML(4x2) 
Workfunction 
(eV) 
5.13 
4.12 
4.22 
table 9.1 Calculated work functions 
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height of the work function with XPS. The influence of the work function of the detector can 
not be separated from the results. It is therefore not possible to compare the results of the 
calculation with those of the Soft-XPS experiment, though it is possible to determine the work 
function of this surface with other experimental techniques. 
9.2.3 Work function and Schottky barrier 
As stated in section 9.2.1 the energy of the unoccupied states in LDA is not accurate. We 
therefore calculate the p-type Schottky barrier (SB) first. The p-type SB is given by the 
difference between the Fermi energy and the valence band maximum (VBM) at the interface. 
The latter has to be calculated in two steps. From a calculation for bulk Si we obtain the VBM 
with respect to the bulk potential. Due to the build up of an interface dipole the semiconductor 
bands are bent and the amount of this band bending can be evaluated from the difference 
between the macroscopic bulk in the slab calculations, the central layer potential and surface 
potential. The p-type SB can be converted into η-type values of 1.00 eV and 1.14 eV for 
coverages of 0.5 ML (2x2) and 1.0 ML c(4x2) respectively. From the Fermi level positions 
presented in figure 8.5 the SB can be calculated by subtracting the Fermi level form the gap. In 
table 9.2 the determined SBs for all the different Pb surface superstructures are presented. 
There is a good agreement between the calculated and the measured SB. The difference in 
absolute value is a direct result of the LDA used in the calculations. In LDA the electrons are 
bound too strongly and thus we find slightly higher SB. The amount of the deviation from the 
surface 
superstructure 
clean 
streaky 2x3 
2x2 
4x8 
4x2 
2x1 
4x4 
thick 
calculation 
(eV) 
1.00 
1.14 
experimental 
(eV) 
0.71 
0.86 
0.83 
0.96 
1.00 
1.10 
1.15 
0.99 
table 9.2 Calulated and experimental SB's for the different Pb surface 
superstructures ofPb on Si(100). 
M.R.J. van Buuren .99 
5 
0 
-5· 
-10 
-15 
S. о 
> -5 ' 
-10 
-15 
5 
0 
-5 
-10 
-15 
Ц Ц Ц L 
4 
4 
\ 
,'
Ν
, 
. ' '
4
. 
.<"·. 
, 4 
. . . 
,' *, 
, ' * ч 
, ' * 4 
'4 Ц 
/ 
/ 
. . · 1 · Э * . 
• ι ' ¡ • 
, 1 Ι 
' I I 
' ι ι 
, 1 1 
/ I I 
ι ι 
Нйое
+
 а с 
Pb/Si(100) 
c(4x2) 
1.0 ML 
Pb/Si(100) 
2x2 
0.5 ML 
SK100) 
2x2 
clean 
14 16 18 20 22 24 26 28 30 32 34 
Ζ(bohr) 
figure 9.2 The atom positions in the slab as a function of z, L
x
 numbers the 
different layers. The dashed lines represents the averaged potential V„/zJ and 
dotted lines represents VHanmÁz)(see text for details) 
experimental results is the same for all calculated structures. Consequently the predicted trend 
and difference between the SB of the 2x2 and the c(4x2) found in the calculations are close to 
the experimental observed changes 
The height of the SB is determined by the pinning of the Fermi level at the interface. In the past 
30 years two major models have been proposed for this pinning: Virtual Induced Gap States 
(VIGS) and Metal Induced Gap Slates (MIGS). VIGS can be used to estimate the pinning of 
the Fermi level in semiconductor systems whereas MIGS are relevant for metal semiconductor 
contacts. In both models the overlayer must be thick enough to have all bulk properties of the 
overlayer material. In the case of Pb/Si(100) and related systems the pinning of the Fermi level 
depends not only on the overlayer material but also on the superstructure of the overlayer. One 
of the posible explanations for this pinning dependence on the structure is the existentce of so 
called interface states. These interface states are localised at the interface between the 
semiconductor and the metal overlayer. A state is localised if it decays exponentially into the 
semiconductor and the metal overlayer. Only states that lie in the gap decay exponentially into 
the solid, i.e. these interface states must lie in the gaps of both substrate and metal overlayer. In 
general a metal does not have a gap. If at the interface the structure of the metal is different 
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from that of the bulk it can happen that there is a gap in the band structure of the metal at the 
interface region. As seen in section 9.2.1, in table 8.5 and in figure 8.1 all the states at the 
interface move out of the band gap of the bulk Si for coverages below 1.0 ML, which excludes 
the existence of MIGS, VIGS and interface states for these coverages. At higher coverages 
there appears a new state at the Pb/Si(100) interface, this new state has not been identified up 
to now. 
In figure 9.2 the positions of the atoms, labeled by L
x
 for the Si layers, are presented. Included 
are the averaged potentials (V(z)) for the different calculated systems. The dotted line is the 
Hartree potential наіик(г) and the dashed line is the total potential V,0,(z) 
Vtot( z)=VHartree( z) + Vexc.(z) <*" 
where ν„
ς
.(ζ) is the exchange correlation potential and VHamte(z) is the same as described 
above. In the bottom panel we show the clean Si(100) 2x2 reconstruction, the middle panel 
shows the case for 0.5 ML Pb with a 2x2 superstructure and the top panel shows the case for 
the 1.0 ML Pb overlayer with a c(4x2) superstructure (see chapter 7 for details). Notice the 
large dipole at the surface. This dipole gets smaller as the Pb coverage increases. Furthermore 
the distance between the Si(100) surface and the Pb overlayer increases with increasing Pb 
coverage as can be seen from figure 9.2. The SB also increases as a function of coverage. It is 
clear that these two changes, the dipole and surface to overlayer distance, play a major role in 
determining the final barrier height for these thin coverages. Matthai et al.[2] calculated the SB 
for the A- and B- type NiSi2/Si(l 11) interface and showed that the SB is 0.62 eV for the B-
type and 0.75 for the A-type interface. X-ray Standing Wave experiments[3] showed that the 
interplane distance between the last Si plane and the first NiSii plane is different for the A- and 
B- type, the latter being 0.06Â shorter than the first. Another well studied interface is that of 
Sn/Si(l 11). Griffiths et al. [4] reported that the SB for the Зхл/3 and the 2V3x2V3 differ by 
О.Зе . The interplanar distance for the 2 Зх2 З of 2.56Â was calculated by Griffiths et al. 
[4]. For the Зх З the distance between the Sn and top Si layer of 1.82Â was determined 
using X-ray Diffraction by Conway et al. [5]. The above strongly suggests that the interplanar 
distance between the top layer of the semiconductor and the first layer of the metal plays a 
major role in the final pinning position of the metal-semiconductor junction. If the Pb overlayer 
is grown into a thick layer with Pb bulk properties then the SB decreases slightly. This change 
in SB height is also observed in the case of Sn and Pb on Si (111). For the Sn/Si(l 11) Griffiths 
et al. [4] argue that as the overlayer thickness increases the strain in the overlayer is removed, 
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leading to a rearrangement of the atoms at the interface. One of the consequences of this 
rearrangement could be a change in the interplane distance at the metal semiconductor 
interface which then leads to a change in SB as discussed above. Weitering et al. explain this 
decrease for the Pb/Si(l 11) system in terms of the formation of real interface states at the M 
point in the first Brillouin zone. These states can only finally pin the Fermi level when the Pb 
overlayer behaves as bulk Pb. There is theoretical nor experimental evidence at this moment to 
support the formation of interface states at the Pb/Si(100) interface and consequently we 
believe that the small decrease in SB for the thick overlayer has to be the result of relaxation. 
9.3 Conclusions 
We showed that we can calculate the DOS for two different Pb surface superstructures on 
Si(100) with an ab initio approach. The calculation shows that the surface states are removed 
from the gap of the Si for the c(4x2) overlayer reconstructions. This is in agreement with the 
results presented in chapter 7. The Schottky barrier from the calculations is found to be 1.00 
eV for the 2x2 and 1.14 eV for the c(4x2). This is in good agreement with the experimental 
results of 0.88eV and 1.07eV. It is shown that there is a link between the distance of the top Si 
layer and the first Pb layer and the SB barrier height. 
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Summary 
This thesis discusses results of a study of the properties of two metal semiconductor 
interfaces. Several surface sensitive techniques, such as X-ray Photoemission Spectroscopy 
(XPS), Scanning Tunneling Microscopy (STM), and Low Energy Electron Diffraction 
(LEED) are used to determine these properties and look at the mechanisms of Schottky barrier 
formation. The experimental results are compared with ab initio calculations. The calculations 
used a Car Parrinello approach to find the minimum energy configurations of the studied 
interfaces. Before the experimental results are presented the theoretical and historical 
background of the metal semiconductor contact is given in chapter 2. This chapter also 
introduces the Car Parrinello approach to ab initio calculations. The experimental techniques 
are presented in chapter 3. 
Low work function metal on semiconductor systems have technological importance as 
efficient photocathodes or as thermionic energy converters. Mg on Si provides one such a 
system that is studied in chapter 4. When the metal is deposited onto the Si(100) at room 
temperature, it reacts to form a thin (approximately two monolayers) layer of Mg2Si. Upon 
further deposition, the suicide behaves as a reaction barrier preventing the reactants coming 
into contact. Mg metal therefore grows on top of the suicide. Furthermore, it adopts a layer by 
layer mode. The Schottky barrier formed at this interface is very close to the value quoted by 
Mönch i.e. approximately 0.5 eV. This close agreement suggests that the final pinning position 
may be a consequence of metal induced virtual gap states 
In order to identify the compound formed at the Mg/Si(100) interface samples of Mg2Si were 
prepared on atomically clean Si(100) surfaces in ultra high vacuum conditions. In chapter 5 X-
ray Photoelectron Spectroscopy is used to study the nature of the chemical bond in the 
prepared samples. Values for the charge transfer between Si and Mg are derived from the XPS 
spectra and compared with values determined theoretically. An ionicity of 9% was predicted 
from the theory which agrees well with the value of 8% derived from the size of chemical shift 
associated with the XPS spectra. In the prepared sample the oxygen content was negligible. It 
is therefore believed that the results from these sample and the results from bulk-sensitive 
techniques represent the true nature of the chemical bond in magnesium suicide, because in 
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both cases oxygen does not influence the result. When applying surface-sensitive techniques 
the presence of oxygen has to be chequed and accounted for 
In chapter 6 the results of a study with Scanning Tunneling Microscopy (STM) into the initial 
stages of the growth of Mg on Si(100) are presented. First the growth mode is determined at a 
fixed tip bias. For coverages below 0.2 ML the topography images showed bright lines 
connecting the Mg atoms. The bright lines are perpendicular to the direction of the Si(100) 
surface dimers. Tip bias dependent topography images were taken for a coverage of 0.04 ML. 
The STM images clearly show that the shape of the lines changes drastically with the different 
tip biases. In the STM images of coverages below 0.1 ML only half of the deposited Mg 
atoms are visible. The other half of the Mg atoms most likely sits below the dimer that has the 
other atom on top. Calculations show that this is an energetically favourable configuration. 
The energy gain is approximately 0.3 eV per atom at 0.5 ML coverage over a configuration 
with all Mg atoms on the surface. Besides the topography measurements for these ultra thin 
layers, spectroscopy measurements were also performed on a clean Si(100) surface and on one 
with 0.04 ML Mg. Spectroscopy on a Si(100) surface can only be done when the Fermi level 
is sufficiently pinned. In this investigation this occurred when the surface had a defect density 
of approximately 15 % of a monolayer or lxlO14 cm"2. The spectroscopy on clean Si(100) 
surfaces clearly shows a difference between measurements on top of, and in between the 
dimers. A shift in the peak positions of 0.2 eV of the π
α
 and nb in the spectrum taken on clean 
Si(100) and that taken on a clean part of the 0.04 ML Mg covered Si(100) is observed. The 
size and direction of the shift are in good agreement with the shift observed in the Si 2p core 
level in chapter 4 for simelar coverage. There is also a difference between the spectra of the 
Mg atom and the bright lines, indicating that the lines are most likely not subsurface Mg 
atoms. 
Chapter 7 presents the results of a STM study of the Pb/Si(100) interface in order to 
determine the properties of the six possible Pb surface superstructures. For two 
superstructures, namely the 2x2 and the c(4x2) the results were compared with ab initio 
calculations. There is a good agreement between the experimental and computational results. 
A new Pb surface superstructure has been observed. This new structure has a 2x3 double 
domain LEED pattern with teardrop shape spots. It is shown to be one dimensional. From the 
calculations and the STM images it is shown that the Pb superstructure at 1.0 ML has a 
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c(4x2) symmetry. Also it is shown that the 2x1 symmetry can only be observed when defects 
are present at the Si(100) surface 
The pinning position of the Fermi level for the different Pb surface superstructures on Si(100) 
have been determined using X-ray photoemission spectroscopy. The results are presented in 
chapter 8. The pinning positions are determined from the shift of the Si 2p core level. Each 
structure shows its own unique Fermi level. There is also an indication that the position of the 
Si(100) surface states are dependent on the Pb surface superstructure. From the valence band 
spectra it can be seen that the Pb atoms do not react with the Si surface. The Pb 5d spectra 
have been used to determine the character of the Pb superstructure. There is some evidence 
for the existence of small Pb islands that have a metallic character. This evidence is supported 
by the presence of a small intensity at the Fermi level in the valence band spectra. From the 
intensity of the Si 2p core level of the 2x1 superstructure it is shown that this is an open 
structure giving confidence in the result of chapter 7. 
Finally the results of chapter 7 and 8 are combined with the results of the density of sates 
calculations in chapter 9. The density of states of two different PWSi(lOO) surface 
superstructures have been calculated using an ab initio technique. The results of the 
calculations show good agreement with the experimental valence band spectra after taking into 
account the broadening of the experimental data. In the calculated density of states there are 
no states at the Fermi level in contrast with the experimental results. It is also shown that there 
is a relation between the Schottky Barrier (SB) height and the interplane distance between the 
last Si layer and the first Pb overlayer. 

Samenvatting 
Dit proefschrift beschrijft de resultaten van een studie naar de eigenschappen van twee metaal-
halfgeleider contacten. Verschillende oppervlakte gevoelige technieken zoals X-ray 
Photoelectron emissie Spectroscopie (XPS), Raster Tunnel Microscopie (in het Engels 
Scanning Tunneling Microscopy, of STM), en Lage Energie Electron Diffractie (LEED) zijn 
gebruikt om deze eigenschappen te bepalen en het mechanisme achter de Schottky Barrière 
(SB) formatie te bestuderen. De experimentele resultaten worden vergeleken met ab initio 
berekeningen, waarbij de ideeën van Car en Parrinello worden gebruikt om de minimum 
energie configuratie van de bestudeerde grensvlakken te vinden. Alvorens de resultaten van de 
experimenten en berekeningen te presenteren worden eerst de theoretische en historische 
achtergronden van metaal-halfgeleider contacten besproken in hoofdstuk 2. In dit hoofdstuk 
wordt ook de Car-Parrinello benadering voor ab initio berekeningen verder toegelicht. De 
gebruikte experimentele technieken worden besproken in hoofdstuk 3. 
Lage werkfunctie metalen op halfgeleider systemen zijn van technologisch belang, omdat ze 
gebruikt kunnen worden als efficiënte photocathodes of als thermische energie-omzetters. Mg 
op Si is zo'η systeem dat bestudeerd wordt in hoofdstuk 4. Als het metaal bij 
kamertemperatuur op het Si(100) oppervlak wordt gedeponeerd reageert het en vormt een 
dunne (ongeveer 2 monolagen) laag Mg2Si. Bij verdere depositie van Mg treedt het gevormde 
suicide op als een barrière die voorkomt dat de twee reagenten met elkaar in contact komen. 
Mg metaal groeit daarom bovenop het suicide, deze groei is laag voor laag. De Schottky 
Barrière die gevormd wordt aan dit grensvlak ligt dicht bij de waarde die gevonden wordt in 
de literatuur, i.e. ongeveer 0.5 eV. Deze goede overeenkomst suggereert dat de uiteindelijke 
positie van het Fermi niveau in het bandkloof van Si het gevolg kan zijn van virtuele kloof-
toestanden. 
Om het reactieproduct dat gevormd wordt aan het Mg/Si(100) grensvlak te identificeren zijn 
Mg2Si preparaten bereid op een Si(100) oppervlak, dat schoon is tot op atomaire schaal, onder 
ultra hoge vacuüm condities. In hoofdstuk 5 wordt XPS gebruikt om het karakter van de 
binding in de gemaakte preparaten te bestuderen. Waarden voor de ladingsoverdracht tussen 
Si en Mg worden afgeleid uit de XPS spectra en vergeleken met theoretisch bepaalde 
waarden. Een ionisiteit van 9% wordt door de theorie voorspeld hetgeen goed overeenstemt 
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met de 8% bepaald uit de chemische verschuiving geassocieerd met de XPS spectra. Het 
zuurstofgehalte in de bestudeerde preparaten is te verwaarlozen. Het is daarom dat de 
resultaten van de in situ bereide preparaten en de resultaten van buik-gevoelige metingen het 
ware karakter van de binding in magnesium suicide weergeven, omdat in beide gevallen de 
eventuele aanwezigheid van zuurstof geen invloed heeft op het resultaat. Als meer 
oppervlakte-gevoelige meettechnieken worden toegepast moet de aanwezigheid van zuurstof 
gecontroleerd worden en verklaard. 
In hoofdstuk 6 worden de resultaten van de bestudering van de beginfase van de groei van Mg 
op Si(lOO) met een STM gepresenteerd. Eerst wordt de groeiwijze bepaald met een vaste 
tipspanning. Voor bedekkingen onder 0.2 ML vertonen de topografie beelden heldere lijntjes 
die de Mg atomen verbinden. Deze lijntjes staan loodrecht op de richting van de Si(100) 
oppervlakte dimeren. Voor een bedekking van 0.04 ML zijn topografie plaatjes gemaakt met 
verschillende tipspanningen. De STM beelden laten duidelijk zien dat de vorm van de lijntjes 
afhangt van de tipspanning. Op de STM plaatjes voor bedekkingen onder de 0.1 ML is maar 
de helft van het aantal neergelegde Mg-atomen zichtbaar. De andere helft zit hoogst 
waarschijnlijk onder de dimeer waarboven zich het zichtbare Mg atoom bevindt. Berekeningen 
geven aan dat dit een energetisch voordelige configuratie is. De energiewinst bij 0.5 ML 
bedekking is ongeveer 0.3 eV per atoom in vergelijking met een configuratie met alle Mg-
atomen boven het oppervlak. Naast topografie is er ook spectroscopie gedaan aan een schoon 
Si(lOO) en aan een Si(100) met een 0.04 ML Mg bedekking. De spectroscopie aan schoon 
Si(100) kan alleen gedaan worden als het Fermi niveau voldoende vast gepind is. De resultaten 
geven aan dat dit gebeurt als de dichtheid van oppervlakte defecten hoger is dan 15% van een 
monolaag of 1x10й cm"2. Een verschuiving van 0.2 eV tussen de piek posities van de π
α
 en de 
7ib in het spectrum gemeten op een schoon Si(100) oppervlak en dat gemeten op schoon deel 
van het met 0.04 ML Mg bedekte Si(100) oppervlak is waargenomen. De grootte en de 
richting van deze verschuiving is in goede overeenstemming met de verschuiving van het Si 2p 
kernniveau gemeten in hoofdstuk 4 bij geüjke bedekking. Daarnaast is er duidelijk een verschil 
tussen het spectrum genomen op een dimeer en tussen twee dimeren in. Door het vergelijken 
van de spectra van een Mg atoom met dat van een lijntje lijkt het er op dat de lijntjes 
waarschijnlijk niet veroorzaakt worden door Mg atomen die zich onder het Si(100) oppervlak 
bevinden. 
Hoofdstuk 7 behandelt de resultaten van een STM studie van de zes mogelijke Pb 
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superstrukturen van Pb op Si(lOO). Voor twee van de zes strukturen, namelijk de 2x2 en de 
c(4x2), is het mogelijk de superstruktuur te berekenen met een Car-Parrinello benadering. De 
resultaten van de berekeningen vertonen goede overeenkomsten met de STM beelden. Verder 
werd een nieuwe Pb superstruktuur waargenomen. Voor deze struktuur vertoont het LEED 
patroon een duidelijke 2x3 dubbel domein patroon met traanvormige spots. De STM beelden 
van deze superstruktuur laten zien dat dit een één dimensionale struktuur is. Uit de 
berekeningen en de STM beelden kan worden afgeleid dat voor een monolaag Pb de struktuur 
een c(4x2) symmetrie heeft. Ook wordt in dit hoofdstuk aangetoond dat de 2x1 
superstruktuur alleen voorkomt als er defecten op het oppervlak aanwezig zijn. 
De pin positie van het Fermi niveau voor de verschillende Pb superstrukturen op het Si(100) 
oppervlak zijn bepaald met XPS en de resultaten worden behandeld in hoofdstuk 8. De pin-
positie van het Fermi niveau is berekend uit de verschuiving van het Si 2p kernniveau. Iedere 
superstruktuur heeft een eigen unieke positie. Daarnaast vertonen de oppervlakte toestanden 
van het Si(100) oppervlak een duidelijke afhankelijkheid van de Pb superstruktuur. Uit de 
valentie band spectra kan gezien worden dat Pb niet reageert met Si. The Pb 5d spectra geven 
aan dat er mogelijk kleine eilandjes zijn met een metaal karakter voor bedekkingen boven 0.7 
ML. Er is ook een extra intensiteit aan het Fermi niveau in de valentie band spectra die deze 
veronderstelling versterken. De intensiteit van het Si 2p kemniveau voor de 2x1 struktuur 
geeft aan dat dit een vrij open struktuur is en bevestigt hiermee het resultaat van hoofdstuk 7. 
Tenslotte worden in hoofdstuk 9 de resultaten uit de hoofdstukken 7 en 8 gecombineerd met 
de berekende Toestands Dichtheid. De Toestands Dichtheid komt direct uit de berekeningen 
met een Car-Parrinello benadering. De resultaten van de berekeningen vertonen een goede 
overeenkomst met de experimentele valentie band spectra nadat ze zijn verbreed. De 
berekeningen laten duidelijk zien dat er geen toestanden zijn aan het Fermi niveau voor de 
berekende Pb superstrukturen. Verder wordt aangetoond dat er hoogstwaarschijnlijk een 
direct verband is tussen de Schottky barrière hoogte en de afstand tussen het laatste Si atoom 
en het eerste metaal atoom. 

Voor hen die niet thuis zijn in de wereld van de 
Fysica 
1 Inleiding 
De inhoud van dit proefschrift zal voor velen behalve het voorwoord en misschien de inleiding 
volstrekt onbegrijpelijk zijn. Om toch enig inzicht te krijgen in wat ik nu de afgelopen jaren 
heb gedaan wil ik tot slot van dit proefschrift in eenvoudige taal uitleggen waar mijn 
onderzoek over gaat: wat wilde ik nu te weten komen? 
Als ik wil communiceren met een CHIP (b.v. het hart van een computer) gaat dit met behulp 
van electrische pulsen die door metaaldraadjes van CHIP naar CHIP bewegen. Een CHIP is 
echter van een ander materiaal gemaakt (een z.g. halfgeleider) dan het metaal draadje. Waar de 
twee materialen bij elkaar komen ontstaat een z.g. grensvlak. Op dit grensvlak kunnen er 
verschillende dingen gebeuren: 
1. soms kan er een chemische reactie optreden, d.w.z. een reactie met een blijvende 
verandering. De twee materialen vormen nu samen een nieuw materiaal. 
2. altijd veranderen de fysische eigenschappen aan het grensvlak. Dit zijn 
veranderingen die eenvoudig ongedaan gemaakt kunnen worden door het contact 
te verbreken. Voorbeel: het ontstaan van een spanningsveld. 
Doel van mijn onderzoek is het meten en begrijpen van de fysische veranderingen aan dit 
grensvlak. Als men weet wat de redenen zijn voor de optredende fysische veranderingen is het 
ook mogelijk om deze te voorspellen voor andere metaal/CHIP contacten, en op deze manier 
kan men b.v. onderzoekskosten verlagen. 
Het is duidelijk dat niet alles in één keer begrepen kan worden. Bij metaal-halfgeleider 
contacten spelen vele parameters een rol. Om het aantal variabelen dat nodig is voor de 
beschrijving van het probleemzo klein mogelijk te houden werken we in de fysica vaak met 
modelsystemen. 
In dit proefschrift worden twee metaal-(Magnesium/(Mg) en LoodV(Pb)) halfgeleider 
(Silicium/(Si)) contacten bestudeerd. Het is niet altijd meteen duidelijk of een metaal 
halfgeleider systeem geschikt is als model. Een groot probleem daarbij is dat er soms 
chemische reacties optreden, die het grensvlak direct ongeschikt maken als model. Dit komt 
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figuur 1 bandenpatroon voor Na. 
omdat bij chemische reacties een nieuwe stof wordt gevormd. Het is niet meteen duidelijk wat 
de eigenschappen van deze nieuwe stof zijn en welke variabelen daardoor veranderen. Helaas 
is het niet mogelijk om op grond van de bekende eigenschappen van de gebruikte materialen te 
voorspellen of er chemische reacties gaan optreden als je beide elementen met elkaar in 
contact brengt. Vaak is een systeem al gecontroleerd op het optreden van chemische reacties. 
In de vakliteratuur worden de resultaten van zo'n controle gepubliceerd en kun je volstaan met 
een bezoek aan de bibliotheek. 
Voor Mg was nog niet bekend wat er precies aan het grensvlak met Si zou gebeuren, voor Pb 
wel. In de hoofdstukken 4,5 en 6 wordt gekeken of Mg op Si als modelsysteem gebruikt kan 
worden. Pb is een zeker modelsysteem en wordt gebruikt om iets meer te begrijpen van de 
fysische veranderingen aan het grensvlak. De resultaten hiervan worden beschreven in de 
hoofdstukken 7,8 en 9. 
2 Theorie 
Voordat de resultaten besproken kunnen worden moet er eerst uitgelegd worden wat we 
willen meten en hoe dat gedaan is. In de natuurkunde is het gebruikelijk om in twee 
werkelijkheden te denken die via eenvoudige wiskunde met elkaar verbonden zijn. De eerste is 
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de reëele wereld zoals we die om ons heen zien. De tweede is veel abstracter; die zal ik de 
energie-wereld noemen. In de reëele wereld zwerven electronen kris kras door de vaste stof 
heen of zitten gebonden aan atomen. De bewegingen van de electronen zijn in de reële wereld 
erg lastig te beschrijven en leveren niet veel inzicht op. Om toch enig inzicht in de fysische 
eigenschappen van vaste stoffen te krijgen (warmtegeleiding, electrische geleiding enz.) 
moeten we het probleem vereenvoudigen. Dit wordt gedaan door gebruik te maken van het 
feit dat electronen naast een bepaalde plaats ook een bepaalde hoeveelheid energie hebben, 
vandaar de "energie-wereld". In vaste stoffen zijn er maar een beperkt aantal verschillende 
energieën toegestaan. Het hoe en waarom daarvan is niet eenvoudig uit te leggen en valt 
buiten het onderwerp van dit proefschrift. Deze abstracte objecten worden discrete toestanden 
of banden genoemd. Deze toestanden kunnen gevuld worden met electronen. In figuur 1 is een 
voorbeeld weergegeven van deze banden. In het grijze gebied zijn de banden gevuld met 
electronen. De hoogte in energie van de banen hangt af van waar het electron zich in de reëele 
ruimte bevindt, vandaar dat in figuur 1 de energiebanden niet altijd op de zelfde hoogte zitten. 
De banden zijn gevuld met electronen tot het z.g. Fermi-niveau (in figuur 1 weer gegeven met 
de lijn gelabeld EF). Het bandenpatroon is uniek voor iedere vaste stof en bepaalt in hoge mate 
de eigenschappen van de desbetreffende vaste stof. In Pb bijvoorbeeld snijdt het Fermi-niveau 
een band in tweeën. Als een fysicus dit ziet weet hij meteen dat Pb electrische stoom zal 
geleiden. De doorgesneden band noemen we de geleidingsband. Er zijn ook stoffen waarbij het 
Fermi-niveau tussen twee banden in ligt. Deze stoffen kunnen in principe geen stroom geleiden 
en zijn dus isolatoren: b.v. hout, plastic en glas. Er is nog een derde groep vaste stoffen, de 
z.g. halfgeleiders. Hierbij ligt het Fermi-niveau ook tussen twee banden maar ze geleiden toch 
electrische stroom. 
Als je twee stoffen met elkaar in contact brengt moeten de Fermi-niveaus gelijke energie 
hebben. Voor metaal/metaal en isolator/isolator contacten levert dit geen vreemde resultaten 
op. Als we dit doen in metaal/halfgeleider contacten ontstaat er een situatie zoals getekend in 
figuur 2. De banden van het metaal en van de halfgeleider sluiten nu op het grensvlak niet 
meer op elkaar aan. Dit hoogteverschil is het spanningsveld waar eerder over werd gesproken 
en heet de Schottky Barrière (SB). Het hoogteverschil of SB is afhankelijk van welke twee 
materialen tegen elkaar aan zitten. Ik zou nu graag de SB weten van een metaal-halfgeleider 
contact en begrijpen waarom de barrière juist die hoogte heeft. 
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figuur 2 Electron banen aan een grensvlak tussen een geleider en een halfgeleider 
De eerste waarneming van dit hoogteverschil is gedaan door Braun in 1874. Sindsdien zijn er 
talloze ideeën geopperd wat de SB hoogte bepaalt. Een recente hypothese is die van Mathhai, 
hij denkt dat er een verband bestaat tussen de afstand tussen de Pb en Si atomen in de reeele 
ruimte en de SB. Naast de SB is ook kennis over waar de atomen zitten in de reële ruimte 
noodzkehjk. 
3 Experimenteel 
3.1 Waar wordt gemeten 
Eerst worden er een aantal experimenten gedaan, daarna wordt op de computer een model het 
metaal-halfgeleider grensvalk gesimuleerd dat de experimentele waarnemingen moet helpen 
verklaren. Het meten van de SB hoogte gebeurt m.b.v. X-ray Photoelectron Spectroscopy 
(XPS) en de atoomposities worden bepaald met een Scanning Tunneling Microscope (STM). 
Deze meettechnieken worden in de volgende paragraaf uitgelegd. Het werken met 
oppervlakken en grensvlakken is pas 30 jaar echt goed mogelijk Een oppervlak is over het 
algemeen nooit echt helemaal schoon Als er een week lang niet gezogen wordt, wordt de 
vloer toch stoffig, zelfs als je er niet bent. In de natuurkunde wil men een super-schoon 
oppervlak, er mag niets anders op het oppervlak liggen dan de atomen van de stof waarmee je 
werkt Dit kun je in lucht ongeveer 1 miljoenste seconde volhouden, daarna is het oppervlak 
Halfgeleider 
^^Geleidingsband 
Fermi ñivo 
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figuur 3 schematische opstelling voor een XPS experiment 
bedekt met een laagje lucht-atomen Als de lucht boven het oppervlak kan verwijderd kan 
worden neemt de tijd dat je een schoon oppervlak hebt toe. Met de huidige technieken kunnen 
we een Ultra Hoog Vacuum (tien miljoen miljoen keer minder dan de normale lucht druk) 
maken en daar in onze experimenten doen (24 uur lang een schoon oppervlak) 
3.2 hoe werkt XPS 
Als licht met voldoende energie op een vaste stof schijnt kan er een electron uit losraken. 
Röntgenstralen hebben voldoende energie om dit te doen. De vrijgekomen electronen worden 
opgevangen en hun energie bepaald Tot slot word er een grafiek gemaakt van het aantal 
electronen dat bij een bepaalde energie vrijkomt. Dit noemen we een spectrum. Er is een direct 
verband tussen de energie van de vrij gekomen electronen, de energie van de Röntgenstraling 
en de energie van de band waar het electron uit gehaald is. De energie van de Röntgenstraling 
is makkelijk te bepalen en dus is het ook eenvoudig om de energie van de band van het 
vrijgekomen electron te berekenen Dit noemen we de bindings energie De vnj gekomen 
electronen kunnen maar een klein stukje door de vast stof bewegen zonder te botsen met 
andere electronen en/of ionen Hierdoor kan je met deze techniek alleen de bovenste 10 
atoomlagen zien. Om nu toch iets over het grensvlak te kunnen zeggen wordt een zeer dunne 
metaalfilm (tussen 0 en 10 atoom lagen (AL) dik) op de halfgeleider aangebracht. Dit gebeurt 
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figuur 4 Schematisch weergave van een Tunnel Raster Microscoop ofSTM 
door het metaal te verhitten en de damp op een schoon Si (silicium) oppervlak te laten 
condenseren, net als de stoom op de spiegel tijdens het douchen. Ik kan nu de bindingsenergie 
van een band bepalen voor metaalfilms van verschillende dikte op dezelfde halfgeleider. Door 
nu de bindingsenergie van een band van schoon Si te vergelijken met de bindingsenergie van Si 
plus metaalfilm kan ik berekenen wat de SB is. Daarnaast kan ik uit de vorm van de pieken in 
mijn spectrum zien of er chemisch reacties optreden. 
3.3 Hoe werkt een STM 
Om te kunnen zien waar atomen zitten heb je een microscoop nodig die zeer sterk vergroot 
zo'η 100 miljoen keer. Een microscoop die dit kan is in 1982 ontworpen door Binnig en 
collega's bij ШМ in Zurich. Zij vonden een manier om een oppervlak zo te vergroten dat er 
individuele atomen waar genomen kunnen worden. Bij deze manier van kijken kan er niet meer 
gebruik gemaakt worden van gewone lenzen zoals we die kennen van brillen en 
vergrootglazen. Er moet gebruik gemaakt worden van bijzondere eigenschap van electronen. 
In het algemeen kunnen electronen een metaal niet spontaan verlaten. Aan het oppervlak van 
iedere vaste stof zit namelijk een energie-berg die de electronen moeten overwinnen. Als het 
spanningsverschil tussen twee geleiders echter hoog genoeg is kunnen de electronen wel over 
de berg heen springen. Dit gebeurt bijvoorbeeld tijdens onweer. De electronen in de aarde 
springen dan naar de hemel omdat het spannings verschil tussen hemel en aarde zo groot is dat 
de electronen over de energie-berg heen kunnen springen. Er loopt een stroom van de aarde 
naar de hemel zonder dat er een geleider tussen zit. Dit verschijnsel kennen we als een 
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bliksemschicht. Heel soms gebeurt het echter dat een electron spontaan door de berg heen 
"tunnelt". Dit porces kan gezien worden als het spontaan verschijnen en verdwijnen van de 
Simplón tunnel, lang genoeg om er door heen te lopen. De kans hierop neemt toe als je twee 
geleiders heel dicht bij elkaar brengt (± 0.0000001 cm) en ervoor zorgt dat er een klein 
spannings verschilflager dan de berg) is tussen beide materialen. Door dit proces kan er een 
stroompje gaan lopen nog vóórdat de geleiders contact maken. De sterkte van dit stroompje is 
sterk afhankelijk van de afstand tussen de twee geleiders. Als we er voor zorgen dat één van 
de geleiders een scherpe punt (tip) heeft gaat de stroom alleen naar een klein gebied op de 
andere geleider lopen. 
Wanneer we nu de tip heen en weer bewegen over het oppervlak van de andere geleider (het 
substraat) willen we de afstand tussen tip en substraat constant houden. Dit is hetzelfde als de 
stroom tussen tip en substraat constant te houden. Dit gebeurt door de tip op en neer te 
bewegen en zo de afstand en dus de stroom te verandert. Het bewegen van de tip in zowel het 
vlak (x en v) als in de hoogte (z) gebeurt electronisch en computergestuurd. In figuur 4 is een 
schematische weergave van een STM getekend. De beweging van de tip in de г richting wordt 
door de computer omgezet in een kleur. Op een aantal punten in het x-y vlak wordty een 
meting gedaan. Het kleuren- of grijstinten- plaatje dat zo gevormd wordt geeft de topografie 
weer van het bestudeerde oppervlak. Door de eigenschappen van het "tunnelen" en door het 
gebruik van hele scherpe tips, liefst met slechts één atoom aan de punt, is het mogelijk om 
plaatjes te maken op atomaire schaal. 
4 Resultaten 
Bij de XPS metingen aan het Mg/Si grensvlak is gevonden dat het Mg reageert met het Si. Het 
gevormde nieuwe materiaal zorgt ervoor dat het Mg en Si niet meer met elkaar in contact 
kunnen komen en dat de reactie stopt als er ongeveer twee atoomlagen nieuw materiaal is 
gevormd. Daarna groeit er puur Mg-metaal op het gevormde reactieproduct. Het is duidelijk 
dat het Mg/Si grensvlak niet als modelsysteem gebruikt kan worden. Wel kunnen we de groei 
van de Mg film en het karakter van de chemische binding tussen de Mg en Si atomen in het 
nieuwe materiaal bestuderen. De chemische binding tussen de Mg en Si atomen valt een 
eigenlijk buiten de hoofdlijn van dit onderzoek. Daarom worden alleen de resultaten voor de 
groei van Mg op Si hier gepresenteerd. Als er geen mooie regelmatige structuur gevormd 
wordt kunnen de geleidende eigenschappen van de Mg-film erg verschillen van die van puur 
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figuur 5 STM plaatjes voor verschillende hoeveelheden Mg op Si a O AL, b) 0.2 
AL, c) 0.4 AL d) 0.08 AL, e) 0.5 AL, f) 1.2 AL en g) 6.0 AL (AL = Atoom Lagen 
Mg metaal. Er worden in de natuur drie verschillende groeiwijzen waargenomen: 
1. netjes laag voor laag, 
2. eerst laag voor laag en daarna verder met kleine verschillende eilandjes, 
3. alleen maar eilandjes van verschillende grootte en hoogte. 
Uit XPS-resultaten is het lastig af te leiden welke van de drie groeiwijzen voor Mg op Si van 
toepassing is. Daarom is ook met de STM naar dit grensvlak gekeken bij verschillende diktes 
van de Mg laag. In figuur 5 zijn de resultaten weergegeven. In de meeste gevallen is de 
bedekking van het Si-oppervlak erg klein: er is minder dat één laag metaal aanwezig. Niet alles 
wat er in de figuur te zien is is direct te begrijpen. Dit komt omdat bij kamertemperatuur de 
atomen niet helemaal stil staan. Ook kan het gebeuren dat metaal atomen onder het grensvlak 
gaan zitten. Wat opvalt (figuur 5c) zijn de lijntjes. De hoogte van deze lijntjes is in het midden 
lager dan aan de uiteinden (minder wit) Het kunnen daarom geen rijtjes Mg-atomen zijn. Door 
uit te rekenen hoeveel Mg-atomen er zijn opgedampt en de heldere uiteinden van de lijntjes te 
tellen blijkt dat maar 50% van alle opgedampte atomen zichtbaar zijn. Een mogelijke 
verklaring hiervoor is dat de andere Mg atomen onder het grensvlak zijn gaan zitten. Helaas 
kan er met de STM niet onder het oppervlak gekeken worden. Daarom is het Mg/Si grensvlak 
nagebootst op de computer. Bij deze berekening worden de atoom posities van de Mg- en Si-
atomen in de ruimte zo bepaald dat de krachten op de atomen minimaal zijn. Om dit te kunnen 
bereiken laten we de atomen min of meer vrij "bewegen" zodat ze na verloop van tijd op de 
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meest gunstige posities gaan zitten. Uit de berekeningen blijkt dat de Mg-atomen afwisselend 
op en onder het grensvlak tercht komen. 
In het tweede deel van het onderzoek zijn deze experimenten herhaald voor Pb op Si. Van dit 
metaal-halfgeleider systeem is uit de literatuur bekend dat er geen chemisch reacties optreden 
bij kamertemperatuur. Verder heeft het de eigenschap dat er een aantal veshillend manieren 
zijn om de Pb-atomen op het Si oppervlak te rangschikken. Eerst worden de Pb-atoomposities 
voor de verschillende rangschikkingen bepaald met een STM en zo mogelijk ook op de 
computer berekend. Om het computerprogramma te testen wordt eerst het schone Si-
oppervlak gesimuleerd en vergeleken met STM plaatjes. Deze test geeft een goed 
overeenkomst te zien tussen de meting en het resultaat van de simulatie. Ook de resultaten van 
de andere berekeningen komen redelijk overeen met de STM-plaatjes. Daarna wordt met XPS 
het hoogteverschil bepaald tussen de geleidingsband van het metaal en die van de halfgeleider. 
Het blijk dat iedere configuratie een eigen unieke SB heeft. Tot slot worden de resultaten van 
de STM- en XPS-experimenten vergeleken met berekende waarden voor de SB. Ook nu is het 
niet mogelijk om met een STM de posities te bepalen van de atomen die zich onder het 
oppervlak bevinden. Deze zijn wel nodig om de hypothese van Matthai uit de eerste paragraaf 
te testen. Door het Pb/Si-grensvlak na te bootsen op de computer, net zoals bij Mg op Si, kan 
er voor twee configuraties berekend worden waar alle atomen zich bevinden. De positie van 
de Pb-atomen in de berekeningen kunnen worden vergeleken met de posities die gemeten 
worden met de STM. Op deze wijze kan gekozen worden welke van de berekende 
configuraties het best overeenstemt met de STM waarnemingen. Uit de berekening kunnen we 
nu de afstand bepalen tussen het laatste Si-atoom en de het eerste Pb-atoom. Door deze 
resultaten te vergelijken met andere metaal/Si-contacten met de zelfde eigenschappen 
(verschillende configuraties van de metaal atomen met voor iedere configuratie een andere SB) 
kan worden vastgesteld dat de kans zeer waarschijnlijk is dat de SB direct afhankelijk is van de 
afstand tussen de laatste Si atomen en de eerste metaal atomen. 
5 Conclusies 
Er is aangetoond dat het Mg/Si grensvlak chemisch actief is en dus niet als model systeem kan 
fungeren. Daarnaast is een indicatie dat in de eerste stadia van de groei van Mg op Si de helft 
van de op gedampte Mg atomen onder het grensvlak gaan zitten. Voor het Pb/Si grensvlak is 
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aangetoond dat de atoomposities aan het grensvlak de uit eindelijke hoogte van de SB 
bepalen. Deze eigenschap is door anderen ook waargenomen voor andere metaal-Si contacten. 
Ik denk dus dat dit een universeel verband is. 
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